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Abstract 
In this thesis the application of Photoconductive Frequency Resolved Spectroscopy 
(PCFRS) to determine excess carrier lifetime distributions and carrier recombination 
kinetics in non-trivial semiconductor systems is described. 
The excess carrier lifetime, as well as being of direct relevance to device 
performance, is also a critical parameter in determining the quality of the 
semiconductor system as it can provide information on the electrical activity of 
defects present in the material. The theory of this technique is developed beyond the 
current state-of-the-art and is applied in particular to the assessment of SIMOX 
material, where other more conventional techniques have proved unsuitable. 
A model to interpret the PCFRS response for carrier lifetime distributions, under 
different injection conditions, is developed and, for the first time, the effect of 
trapping is considered. We demonstrate how temperature dependent PCFRS can be 
used to obtain the major trap parameters. This analysis is then used to evaluate trap 
activation energies for a range of developmental SIMOX material produced both at 
Surrey and commercially. 
Our PCFRS results reveal that the SIMOX layers have a higher density of defects - as 
compared to standard device quality silicon substrates. Characteristic parameters of 
the dominant traps in these materials have been obtained from Arrhenius plots of the 
lifetime distributions. The defects found in these SIMOX layers are shown to be 
related to the high temperature anneal stage of the material production. 
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List of symbols 
a optical absorption coefficient 
'y recombination coefficient 
AE band gap energy 
An excess electron density 
AP excess hole density 
e amplitude modulation of the generation rate 
11 quantum efficiency 
excitation wavelength 
electron mobility 
hole mobility 
v excitation frequency 
vP peak frequency of the PCFRS response 
a conductivity 
d conductance 
T. average lifetime for free electrons 
ti, average lifetime for free holes 
ti,, time the carrier is held in a trapping centre 
't, recombination lifetime 
ti,. time the carrier is free before being captured by a trapping centre 
phase shift between excitation signal and response from the sample 
CO modulation frequency of the excitation 
CO, angular peak frequency of the PCFRS response 
b ratio between hole and electron mobility 
e magnitude of electronic charge 
E energy of a trapping centre 
EE energy of the bottom of the conduction band 
E, Fermi level 
E; intrinsic Fermi level 
ER energy of a recombination centre 
Ev energy of the top of the valence band 
g generation rate 
h density of trapping centres occupied by electrons (Chapter 6) 
h Planck's constant 
if reduced Planck's constant 
H density of electron trapping centres normally empty 
i current 
I light intensity per unit area 
k Boltzmann's constant 
in electron effective mass 
n electron density 
Nc effective density of states in the conduction band 
NR density of recombination centres 
Nv effective density in the valence band 
p hole density 
q capture cross-section 
r recombination rate 
R(t) lock-in response function 
s electron thermal velocity 
S surface recombination velocity 
T temperature 
u sample resistance 
U load resistor 
V voltage applied to sample and load resistor 
V; lock-in input 
Vo lock-in output 
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Chapter 1- Introduction 
Over the past few years SIMOX (Separation by IMplanting OXygen) 
technology has became an important alternative to bulk silicon as a substrate material 
for microelectronic devices. As a substrate SIMOX material offers many advantages, 
for example immunity from latchup, reduced susceptibility to radiation effects, 
improved speed and high temperature operation [1,2]. Preliminary specifications 
have been developed for SIMOX but the characterization technology is not available 
to access all of the materials properties specified [3]. Table 1.1, taken from Duffy et 
al. [3], lists the techniques that are current used to characterize SIMOX films. Rapid 
and non-destructive methods are needed to provide control of the material production 
process as well as to assess the quality of the material before device fabrication [3]. 
In determining the quality of a semiconductor, an important parameter is the 
minority carrier lifetime, since it can provide information on the distribution of 
defects present in the material. For example, in pure indirect gap semiconductors the 
lifetime is expected to be extremely long - in silicon the intrinsic lifetime should be 
several hours. However, in practise, the carrier lifetime in real materials is 
determined by defects and impurities that are present. Defect and impurity levels can 
affect the lifetime directly by providing an alternative recombination path or may 
distort the measurement of the lifetime by acting as a trapping centre. The lifetime 
distribution of a semiconductor, therefore, provides a sensitive measure of the 
material quality. The minority carrier lifetime is also an important parameter in itself. 
For example, for bipolar transistors and integrated circuits it is desirable to have 
material with a long lifetime since, otherwise, the injected carriers may recombine in 
transit between emitter and collector giving a low current gain. This accounts for the 
general use of indirect gap material, in particular silicon, in the fabrication of these 
devices. 
The different techniques for measuring lifetime can be classified according to 
whether the measurement is made in the time domain (recording a decay curve) or in 
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PROPERTY CHARACTERIZATION DESTRUCTIVE (D) OR 
CHARACTERIZED METHOD NON-DESTRUCTIVE (ND) 
layer thickness optical reflection ND 
ellipsometry ND 
spectroscopic ellipsometry ND 
IR absorption ND 
Rutherford backscattering D 
(RBS) 
silicon crystallinity cross-section and plan-view D 
transmission electron 
microscopy (TEM) 
RBS D 
dislocation etching D 
UV reflection ND 
film stress Raman spectroscopy ND 
impurity content (direct) secondary ion mass D 
spectrometry (SIMS) 
spark-source mass spectrometry D 
neutron activation analysis D 
impurity content (indirect) surface photovoltage ND 
Table 1.1 Methods currently used to characterize SIMOX material properties [3]. 
the frequency domain (using the phase shift between the modulated excitation and 
emission to deduce the lifetime) [4]. These techniques will be referred to as time 
resolved spectroscopy (TRS) and frequency resolved spectroscopy (FRS), 
respectively. It is sometimes assumed that the principles of these measurements are 
equivalent. However, Depinna and Dunstan [4] showed that in certain circumstances 
data obtained by TRS can be misinterpreted whilst FRS avoids these problems 
inherent to TRS. They have pointed out three problems associated with TRS. Before 
we outline these problems, we describe briefly the TRS and FRS methods. 
In TRS the sample is excited by a square light pulse and the photoresponse is 
sampled with a narrow gate set at some time t, after the pulse (figure 1.1). In 
principle, a single excitation pulse is used and the decay curve is obtained from an 
ensemble of such experiments, each one with a different time t,. In FRS the sample is 
continuously excited by a modulated signal and a steady-state carrier density is set up. 
The phase shift 4 between the excitation and the response'from the sample is used to 
deduce the lifetime. The fundamental difference between TRS and FRS is that in 
FRS the sample is continuously excited and a steady-state carrier density is 
established, whereas in TRS the carrier density is continually changing. 
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There are two related problems with TRS. Firstly, in a material showing a 
wide range of lifetimes the carriers generated due to one pulse may not decay 
completely before the next pulse. Then, the decay may not be a function of the 
carriers created during the pulse but of the accumulated carriers [5]. Although this 
problem can be solved by increasing the pulse repetition interval t,, materials showing 
long lifetime components may require such a long value of t, that it may not be 
practical to perform the experiment. Secondly, at low carrier densities, for an 
electron and a hole captured at a separation r, the lifetime can be written as [4] 
ti = AeB' (1.1) 
where A and B are quantities not dependent on r. As r increases during the decay [4] 
the lifetime tends to infinity, so that there will always exist excited states with long 
lifetimes, even for large pulse repetition intervals. These problems have no 
significance in FRS, since in this case a steady-state density is established. 
The third problem related to TRS was pointed out by Tsang and Street [6] and 
also by Depinna and Dunstan [4]. The decay curve for the luminescence intensity in 
some systems may be written as [4] 
(1.2) 
I(t) - 
I. 
t, 
A consequence of this power-law behaviour is that, if the PL decay is plotted on a 
conventional semi-log scale (logt x t) for lifetime determination, the apparent lifetime 
ti(t) will be always equal to the gate delay since 
dt (1.3) 
d(logl) = t. 
Figure 1.2 shows the luminescence intensity against time for a-Si: H distant pair 
emission. If short excitation pulses at high repetition frequencies are used the 
4 
emission will appear to have a short lifetime (figure 1.2. a) while long excitation 
pulses at low repetition rate will appear to give a long lifetime (figure 1.2. b). 
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Figure 1.2 Luminescence decay in a-Si: H after (a) short and (b) long excitation pulses. A 
short decay lifetime is obtained in (a) [6]. 
To evaluate the lifetime distribution of SIMOX material we have therefore 
used a frequency domain technique, namely photoconductive frequency resolved 
spectroscopy (PCFRS). Photoconductivity (PC) along with photoluminescence (PL) 
are suitable effects for gathering information on the nonequilibrium carrier lifetime. 
We choose to perform photoconductivity measurements rather than 
photoluminescence for several reasons. It is more sensitive (as the sample acts as the 
detector) and requires relatively low light excitation intensity [7]. Silicon is an 
indirect band gap semiconductor and so has poor luminescence. Unlike 
photoluminescence, photoconductivity can also give information on non radiative as 
well as radiative recombination. It is also a low cost technique since a LED can be 
used as source of light instead of high power lasers required for PL measurements. 
We will start our discussion by reviewing, in chapter 2, initially, the evolution 
of SIMOX technology since Smith [8] suggested, in 1956, the possibility to modify 
the surface of a material by ion implantation. We will also review the evolution of 
the phase shift method as a tool for determining the lifetime distribution of a 
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semiconductor. In chapter 3 we review some topics about photoconductivity, carrier 
recombination and PCFRS, which will be relevant for the discussions presented in the 
following chapters. The theory of the PCFRS technique presented in this chapter is 
based on the work of Depinna and Dunstan [4] and was deduced for an ideal material 
where no trapping centres are present. In chapter 4 we describe the experimental 
methods and in chapter 5 the experimental results. In chapter 6 we present a new 
theoretical approach for the PCFRS technique which, in contrast with Depinna and 
Dunstan's [4] work, includes the effect of traps. In chapter 7 we discuss the 
experimental results based upon the theory developed in chapters 3 and 6. Finally, in 
chapter 8, we present our conclusions and suggestions for future work. 
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Chapter 2- 94view 
2.1 - HISTORICAL REVIEW OF SOI MATERIAL 
In the last few years, the status of SIMOX technology has changed and 
research has moved from a study of its material properties to its use as a 
semiconductor substrate. Improvements in the implant and anneal processes have 
enabled good quality material, suitable for device fabrication, to be prepared. We 
review here the development of the SIMOX technology since the first suggestion to 
modify the surface of a material by ion implantation to form an oxide or nitride. 
Although a lot of work has been done to develop this technology, there is still a need 
to develop characterization methods for SIMOX material as a complete description of 
the optical and electrical properties is still not available. We will also review the 
electrical measurements performed on SIMOX material as well as measurements of 
some devices fabricated on SIMOX substrates. 
2.1.1- The evolution of SIMOX technology 
The first report of the possibility of converting the surface of a material to oxide 
or nitride using ion beams was given by Smith in 1956 [1]. By the mid-1960's 
Watanabe and Tooi [2] and Pavlov and Shitova [3] reported the synthesis of SiO2 
layers by O" implantation in silicon at 60 keV. Further investigations of these silicon 
dioxide layers were carried out by several authors [4-10]. 
Balarin et al. [4] produced surface layers on Si by means of bombardment with 
oxygen. By comparison with other methods for layer production (e. g. thermally 
grown layers), they found the ion bombardment had some advantages. These include 
the possibility to limit the process locally with a given geometry and to control the 
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layer thickness (obtained as a function of ion energy and ion flux). They also 
suggested the possibilities of this technique for the production of microelectronic 
devices and integrated circuits. 
Freeman et al. [5] prepared silicon dioxide and nitride layers by implantation at 
doses of 2x 1011, ions/cm2 of 160+ and ''N+ ions at energies up to 40 keV. However, 
they found their oxides to be inferior to the thermally grown ones. By this time, the 
consensus of opinion was that the oxides produced by ion implantation were inferior 
to those thermally grown. As Freeman wrote, "... this technique for producing oxide 
and nitride layers cannot be regarded in any way as an alternative to the thermal 
methods of preparation... " [5]. Gill, in his PhD thesis [6], suggested that the inferior 
quality of these oxide layers was due to the substrate temperature during implantation 
(> 600 °C). He proposed that at high substrates temperatures the sputtering rate is 
high, so, although they had implanted with enough oxygen dose to form silicon 
dioxide, the sputtering had an adverse effect. 
In 1976 Dylewski and Joshi [7-9] published a series of work on formation of thin 
SiO2 films by high dose oxygen ion implantation into silicon. They performed IR 
transmission spectroscopy [7], C-V [8] and I-V [9] measurements on the silicon oxide 
and found that the properties of implanted oxides were comparable with those of the 
thermally grown oxides. In 1977 Badawi and Anand [10] confirmed the results 
reported early by Dylewski and Joshi by carrying out similar experiments (IR and 
I-V), namely that the implanted oxides were comparable to the thermally grown ones. 
So far, the work published was mainly about the formation of surface silicon 
dioxide layers. Badawi and Anand [10] pointed out that buried oxide layers could be 
formed by low and medium dose implants of relatively high energy ions. They also 
suggested that buried layers could be used for isolation in integrated circuits. 
In 1978 Izumi et al. [11] first reported the successful formation of buried SiO2 
layers by implanting IN)+ ions into silicon. They also reported the fabrication of a 
CMOS ring oscillator in an epitaxial silicon layer grown over a buried SiO2 layer. 
They subsequently proposed the name SIMOX for this technology (Separation by 
IMplanting OXygen). 
Lam and Pinizzotto [12] reviewed the development of the SIMOX technology up 
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to 1983. By that time, a recipe to form SIMOX material was already defined 
(implanting, annealing and epitaxial layer growth). The salient points of their review 
are: 
-A compromise between low energy (giving a thinner and more defective surface 
layer) and high energy (giving a larger spread of the implanted ions, which would 
require a higher total dose) implants was found by implanting atomic oxygen at an 
energy of 150 keV (or molecular oxygen at 300 keV). 
- To maintain the crystallinity of the top silicon layer, the temperature of the wafer 
should be raised above 200 °C, which could be obtained by increasing the beam 
current (beam heating). 
-A post implant anneal should be performed to recrystallize the silicon overlayer (- 
0.1 µm thick) and to complete the diffusion of oxygen towards the Si/SiO2 
interfaces and the chemical reactions to form SiO=. 
- After the post implant anneal, an epitaxial layer of about 0.1 to 0.3 µm thickness 
was grown in order to provide a thicker crystalline top layer. Alternatively, a high 
energy implant would be required. 
Table 2.1.1 shows the typical conditions used to fabricate SIMOX substrate, 
according to Lam and Pinizzotto [12]. 
For those conditions proposed by Lam and Pinizzotto, microscopic measurements 
showed that the Si overlayer was inhomogeneous, composed of a top defect-free 
region (- 100 nm thick) and a very defective zone (100 - 200 nm thick) contained a 
large density of dislocations and SiO2 precipitates situated just above the oxide [ 13]. 
This configuration was significantly improved by the introduction of a higher 
temperature post-anneal (1300 °C, 6 hours) by Stoemenos et al. [14]. Cross sectional 
transmission electron microscopy (XTEM) showed that a higher temperature anneal 
led to a homogeneous Si overlayer (- 300 nm thick) free of precipitates and with a 
lower density of dislocations. 
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PARAMETER TYPICAL CONDITIONS 
species 0+/02+ 
energy ISO keV / 300 keV 
dose 2.6 X 101, / 1.3 x 101, cm-2 
wafer temperature > 200 °C 
anneal temperature 1150 °C (2 h) 
Table 2.1.1 Typical conditions for SIMOX fabrication at early 1980112]. 
Davis et al. [ 15] reported the fabrication of a high-performance SOI/CMOS 
transistor in oxygen-implanted silicon without epitaxy, by implanting molecular 
oxygen at 400 keV and annealing the wafers at 1300 °C for 2 hours. The authors 
suggested, based on the results obtained from IN measurements on these structures, 
that SIMOX substrates formed at high energy and anneal temperature were able to 
support CMOS transistors without the need of the growth of an epitaxial layer. 
Further improvements to the crystallinity of the Si overlayer have been obtained 
by a multiple implant and anneal procedure [16]. SIMOX structures were formed by 
a series of implantation and anneal steps. An implantation of a first dose of 0.8 x 10" 
O" cm-2 (200 keV, 600 °C) was followed by a HTA at 1300 °C for 6 hours. A second 
similar dose was then implanted and the sample was again annealed at the same 
previous conditions. The final structure, measured by planar TEM, showed no 
dislocations. Although this implant/anneal cycle could be repeated any number of 
times, in practice three cycles have been found to be sufficient to reduce the defect 
level on the surface layer (from 10' - 109 cm-2 to 103 - 105 cm-2) [17]. However, 
although the multiple implantation and annealing technique can reduce the dislocation 
density, this technique is still time consuming. Also, it results in contamination of the 
wafers due to particulates generated [18]. 
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Table 2.1.2 summarizes the updated typical conditions for SIMOX fabrication at 
the present time (1991) [19] and its principal chemical and physical properties 
[18,201. 
WAFER FABRICATION 
energy (keV) 
dose (& cm-1) 
implant temperature (°C) 
anneal temperature (°C) 
200 
2x 101' 
> 650 
> 1300 
oxygen content (ppm) 30±3 
CHEMICAL PROPERTIES carbon content (ppm) < 10 
transition metals - Fe, Ni, Cu (x 101, cm--, ) 51 
heavy metals ('< 10" cm-3) 51 
Al, Na, K (x 1016 cm-3) 51 
maximum Si thickness (µm) 0.50 ± 0.01 
PHYSICAL PROPERTIES minimum Si thickness (pm) 0.03 ± 0.01 
maximum SiO3 thickness (µm) 0.6 
minimum SiO3 thickness (µm) 0.05 
dislocation density (cm-2) 1P-109 (, ) 
10'-101(. ) 
-single implant and anneal process 
-multiple implant and anneal process 
Table 2.1.2 Updated typical conditions for SIMOX fabrication at the present time (1991) 
[18-201. 
Nakashima and Izumi [18] reported the fabrication of SIMOX wafers with low 
density dislocations (102 cm-2) by implanting a low dose (< 1.2 x 101" O* cm-2) at 
implant temperatures greater than 500 T. At these doses the wafers showed a 
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smooth front interface SiOJSi though silicon precipitates were present in the oxide. 
The breakdown voltage of the buried oxide layer increased with the implanted dose; 
for a dose of 0.4 x 10111 O" cm-2 the breakdown voltage was about 40 V, which, these 
authors suggest, is sufficient for usual LSI applications. 
In the past few years, the fabrication of devices and VLSI circuits has been widely 
reported [21-25]. It seems that the future for SOI technology looks assured, its 
development depending upon the availability of new machines for production of a 
greater numbers of substrates at an acceptably low cost [26]. 
2.1.2 - Electrical properties of SIMOX films 
The conventional techniques usually used for characterization of 
semiconductors are not always adequate for the study of very thin layers like SIMOX 
films. In these films, the sheet resistance can be very large and high impedance 
detection systems are required. The electrical properties of as-fabricated SIMOX 
films have been evaluated by four-point probing, Hall effect and Van der Pauw 
measurements and photoconductivity. Lifetime and trap parameters on CMOS 
structures were deduced from DLTS, transient capacitance and transient current 
measurements. 
1. AS-FABRICATED CHARACTERISTICS 
Detailed studies carried out mainly by Cristoloveanu et al. [27-34] from 1984 
include Van der Pauw and Hall measurements to determine the transport and 
oxygen-related donor properties on the Si top layer on a SIMOX structure. Typical 
samples were synthesized by implantation of 1.5 - 1.8 x 1018 O" cm-2 (200 keV, 480 - 
600 °C). Post implant anneals were performed either at 1150 - 1200 °C for 2 hours in 
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N2 ambient (low temperature anneal - LTA) or at 1300 - 1350 °C (high temperature 
anneal - HTA) for 6 hours in either N2 or Ar ambient. The salient points of this work 
is: 
- For HTA SIMOX material the Hall mobility is dominated at low temperatures (T 
< 150 °C) by ionized impurity scattering (giving a mobility decrease with 
temperature), while for T> 150 °C acoustic phonon scattering becomes dominant. 
In contrast, for LTA material ionized scattering predominates even at room 
temperature (figure 2.1.1), the mobility maximum being shifted to higher 
temperatures (T > 300 °C). Cristoloveanu et al. [28] explained this variation by 
the existence of an inhomogeneous scattering mechanism in the LTA Si top layer, 
which result from the varying crystalline quality from the top of the Si layer to the 
buried oxide. Indeed, those arguments have been confirmed by profiling the Hall 
mobility in MOS-Hall devices (figure 2.1.2) [30]. 
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Figure 2.1.2 Hall mobility profiles for holes at different temperatures for LTA SIMOX material 
[30]. 
- Cristoloveanu [32) suggested that annealing in a N2 ambient, when compared with 
the Ar ambient, enhances the residual doping (contamination with shallow 
donors), which causes more intensive ionized scattering. to occur and results in a 
lower mobility than in bulk silicon and a shift of the mobility maximum to higher 
temperatures (figure 2.1.1). 
- The variation of carrier concentration with annealing temperature, for additional 
isochronal (1 hour) anneals, shows that in SIMOX material the maximum thermal 
donor generation occurs at 550 °C and, for new donors, at 750 °C (figure 2.1.3). 
Those donors are destroyed at 650 °C and above 900 °C, respectively [32]. 
Thermal ionization energies of the donor states derived from Arrhenius curves 
show two linear parts, corresponding to an activation energy c2at high temperature 
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ýý \ o\ , 100 
and an activation energy el at low temperature (E, = 2E2). Vettese et a!. [33] 
suggested that the SIMOX layer behaves as a compensated semiconductor, but 
they were not able to fit their experimental data with the classical expression of 
carrier density assuming one deep thermal donor level and one compensator level 
(they suggested that it was possibly because other thermal donors were formed 
and then the assumption of only one deep level would fail). 
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Figure 2.1.3 Carrier concentration versus anneal temperature for additional anneals (1 h) in 
HTA-SIMOX samples containing oxygen donors [32J. 
- Vettese et al. [33] and Cristoloveanu et a!. [34] reported a conversion of the Si 
overlayer from p-type (initial Si wafer) to n-type. Cristoloveanu suggested that an 
overcompensation effect resulted, probably from the formation of oxygen-related 
donors. A conductivity type change from n to p was also observed on a multiple 
implant/anneal substrate by Buczkowski et al. [35,36]. These authors believe this 
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conductivity type conversion occurs during the implant/anneal cycle and can be 
due either to the formation of a process-induced acceptor type or oxygen-vacancy 
complex or to an unintentionally Al contamination. 
- Cristoloveanu [32] and Papaioannou et al. [34] suggested that hopping conduction 
is the dominant mechanism below 60 K. Evidence for electron hopping between 
impurities is given by the rapid mobility decrease below 77 K, the increase in 
carrier concentration below 40 K and also by photoconductivity and photo-Hall 
effect. 
2. LIFETIME AND ACTIVATION ENERGY ON DEVICE-BASED STRUCTURES 
We review here reports of lifetime and activation energy of defect levels 
obtained from measurements carried out in Schottky diode and MOSFET fabricated 
on SIMOX substrates. 
Standard DLTS experiments were carried out in Schottky diodes formed on a 
SIMOX substrate after epitaxial Si layers had been grown by McLarty et al. [37]. 
The results showed activation energies varying with epilayer thickness and also that 
the trap concentration was a decreasing function of its thickness. Current-based 
DLTS was performed on an enhancement-mode MOSFET formed on SIMOX 
substrates with and without epitaxy [38,39] by these same authors. For the ultrathin 
SIMOX MOSFET (without epitaxy) a bulk trap with an energy level situated at 0.44 
eV above the valence band was identified. The authors suggested it could be due to 
iron contamination [39]. 
Generation lifetime was measured using depletion-mode transistors fabricated 
on SIMOX substrates annealed at low and high temperatures by Cristoloveanu et al. 
[40,41]. The gate being pulsed in deep depletion gives rise to an additional 
space-charge region, which disappears progressively due to the minority carrier 
generation. The transient drain current then increases to a saturation value; the carrier 
lifetime is determined from a numerical analysis of the transient current. The lifetime 
in LTA material was found to be short (10 - 100 ns) while the HTA material showed 
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a high value (1 µs). Similar experiments have also been conducted on 
enhancement-mode MOSFET's (42]. Devices were formed on multiple 
implant/anneal SIMOX and a lifetime of 100 is was achieved. 
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Figure 2.1.4 Some devices fabricated on SIMOX substrates. 
Transient capacitance responses were used to determine generation lifetime of 
pulsed MOS capacitors formed on SIMOX substrates produced by a three step 
implantlanneal plus an additional epitaxial layer by Buczkowski et al. [35,36]. Their 
results showed a generation lifetime strongly dependent on the thickness of the 
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epilayer. For an epitaxial layer of 3.7 p. m a lifetime of 120 gs was found while for a 
0.3 µm thickness the lifetime dropped to 12 µs, which is consistent with the lower 
defect density in thick epilayers. 
Generation lifetime profiles and the energy levels of the 
recombination-generation centres were determined in p+-n diodes fabricated on 
SIMOX substrates after an epitaxial layer (1.3 - 1.7 gm) had been grown [43], by 
reverse-biased current-voltage and capacitance-voltage measurements. The lifetime, 
varying from 1 ns to 10 p. s showed a decrease near the buried oxide layer; an 
activation energy of 0.41 eV was estimated. 
In summary, lifetime measurements performed on devices fabricated on 
SIMOX material demonstrated the beneficial effect of the HTA and multiple 
implant/anneal process [40-42]. When an epilayer was grown on the SIMOX 
substrate, the lifetime showed a dependence on its thickness, being higher on a 
thicker epilayer [35,36]. Table 2.1.3 summarizes the activation energy and lifetime 
data obtained from some devices (these devices are illustrated in figure 2.1.4) 
fabricated on SIMOX material as well as the techniques employed on these 
experiments and the main characteristics of the devices processing. 
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2.2 - FREQUENCY RESOLVED SPECTROSCOPY 
The evolution of the phase shift method (phase shift between the modulated 
excitation applied to a sample and its response to this excitation) as a tool for 
determining the lifetime distribution of semiconductors is reviewed here. We also 
review some of the theoretical models proposed to interpret the experimental results. 
Fassbender and Lehmann [44] in 1949 first reported the use of a frequency 
domain technique to investigate trapping and recombination behaviour in 
semiconductors. Subsequently, several authors [45-48] reported the use of a 
frequency modulation technique to study photoconductivity in semiconductor 
materials. This early work used the phase shift between a modulated signal applied to 
a sample and the response of the sample to this signal to deduce the lifetime. Figure 
2.2.1 shows a typical block diagram of a circuit used in these experiments. 
Essentially, the decay of the AC voltage across the sample, which is proportional to 
the excess carrier density when the excess concentration is smaller than the 
equilibrium concentration [49], was compared with the decay of voltage in the RC 
circuit. In this case, the change in voltage across the sample AV, is given by [50] 
S 
2.2.1 ddt 
+i AVS = KSI(t) 
where i is the lifetime, K3 is a constant of proportionality which depends on the rate at 
which the minority carriers are generated and 1(t) is the intensity of light falling on 
the sample. The change of voltage in the RC circuit AV, is given by 
dAVR 
+1 AVR = KRJ(t) 
(2.2.2) 
dt RC 
where K1e is a constant. Providing that the initial conditions are the same (AV5 = AV, ý _ 
0 at t= 0), for ti = RC AV, and AV, are proportional. 
To assure the same initial conditions, a beam splitter was generally used to split 
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the beam into two parts, one part going to the sample and the other going to a 
photocell to provide the reference voltage (voltage in the RC circuit) proportional to 
the light intensity. 
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Figure 2.2.1 Block diagram of a "conventional" circuit used to measure the lifetime [47]. 
In. determining the lifetime, the values of R and C were varied until the signal 
from the sample and the signal from the RC circuit were equal. These signals were 
compared by using either a zero-detector instrument [45,46] or an oscilloscope 
[47,48]. This measurement would yield R and C as a function of the modulation 
frequency w. For systems described by a single time constant R and C would be 
independent of co, so that the minority carrier lifetime i= RC would be determined. 
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For a non-exponential decay plots of R and C as a function of modulation frequency 
were usually obtained and theoretical fits were required to deduce the excess carrier 
lifetime. Different theories, based mainly on surface effects and sample geometry, 
were proposed concerning how to deduce the excess carrier lifetime from the 
experimental data [45,46] but, as pointed out by Dolezalek [51], these methods could 
only be applied in a straightforward manner to cases when (i) the photocurrent was 
due to a single carrier, (ii) the decay was truly exponential and (iii) the dependence of 
the photocurrent upon light intensity was linear (linear recombination). Otherwise, 
systematic deviations from the expected fit would always occur, indicating that these 
models were incomplete. 
In more complex situations (non-exponential decay) the evaluation of excess 
carrier lifetime was improved by using a frequency swept modulation method 
[52,53]. In these experiments, a DC voltage was applied to a photoconductor which 
was excited with a sinusoidally modulated light (frequency co) and the AC component 
of the photocurrent was measured as a function of frequency. 
Cheroff et al. [52], in their studies of the photoconductivity in CdSe assumed a 
single trap level in contact with the conduction band. Their predictions, obtained by 
solving the rate equations for a single trap system and taking in consideration trap 
release frequency and trap capture rate, were found to be in good agreement with the 
experimental results. 
Stössel [53] measured photoconductivity decay times in order to determine the 
majority carrier lifetime and trap concentrations in CdS. The AC photocurrent was 
constant at low frequencies but dropped as 1/0 for w> co,. The photoconductive 
decay time was given by to = 1/wo, where tip was a function of light intensity if traps 
were present. The decay time do and the recombination lifetime of free majority 
carriers (ti) were related by r= 6tip, were 0 was a factor which described the influence 
of the traps. 
We point out here that in the earliest works [45-50] the proposed models to 
determine the carrier lifetimes did not take into account the influence of traps, which 
accentuated the poor agreement between theory and experimental results. However, 
in the works of Cheroff et al. [52] and Stössel [53] trap parameters were taken in 
consideration, contributing for a better concurrence between the experiments and the 
predicted theory. 
The novel FRS techniques - in-phase and quadrature FRS - were introduced by 
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Dunstan et al. [54] as an alternative to TRS for studying photoluminescence (PL) 
decay in a-Si: H. Depinna and Dunstan [55] give a detailed discussion of the theory of 
FRS. 
Wagner et al. [561 reported the first use of FRS photoconductivity measurements 
for the analysis of a-Si: H. They used a CW laser as a source of light. The first report 
about photoconductivity frequency resolved spectroscopy (PCFRS) on SOI material 
was given by Homewood et a!. [57). They performed experiments on bulk Si (p-type, 
20 L cm) and preliminary experiments on SIMOX material. For the SIMOX 
material, the spectra were obtained from the silicon above the oxide, where devices 
would normally be formed. They also described a simple PCFRS spectrometer using 
a LED as a source light. Figure 2.2.2 shows their results, where the full curves 
represent theoretical fits. A single lifetime for bulk Si of 3.18 p. s was found. For 
SIMOX the lifetime distribution could not be described by a single lifetime and it was 
found also to vary with the DC light intensity. Nevertheless, the data could be fitted 
with two theoretical single lifetime curves and showed a longer constant lifetime at 5 
ms while the fast lifetime varied with the DC light intensity. 
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Figure 2.2.2 (a) Lifetime spectra of bulk Si; (b) lifetime spectra of SIMOX (high DC intensity) 
and (c) lifetime spectra of SIMOX (low DC intensity) [57]. 
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Hopkinson, in his PhD thesis [58], showed some PCFRS results obtained from 
a-Si p"-i-n- diode structures as a function of temperature (4 - 300 K, figure 2.2.3. a) 
and excitation intensity (10 µW - 100 mW, figure 2.2.3. b). He points out that there is 
a strong dependence of the PCFRS signal on the temperature and excitation intensity. 
At the lowest temperatures there is an evidence of two lifetime distributions; 
however, as the temperature increases the PCFRS response becomes dominated by 
the faster component. It also shows a reduction and shift to higher frequencies of the 
slower lifetime component as the intensity is increased. 
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Figure 2.2.3 PCFRS response for an a-Si p"-i-n" diode structure (a) at different temperatures 
and (b) at different excitation intensities [59]. 
Recent work on the PCFRS technique have been carried out at Surrey by 
Lourenco, Homewood and Hemment [59-62], which are based on topics presented in 
this thesis. These include a theoretical analysis of the PCFRS response and its 
application to evaluating lifetime distributions of SOI structures. 
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Chapter 3- qT 
3.1 - PHENOMENOLOGICAL DESCRIPTION OF PHOTOCONDUCTIVITY 
The process of generating free electrons and holes requires energy to overcome 
the energy gap between the valence and conduction band or between impurity levels 
and these bands. In the absence of external excitation, the atoms or ions of the crystal 
lattice and the electrons in the crystal are in thermal equilibrium. Under thermal 
equilibrium, an electron or a hole can make a jump between valence and conduction 
band due to thermal excitation. Electrons and holes liberated by thermal ionization 
and having densities corresponding to thermal equilibrium are called equilibrium 
carriers. Carriers generated by a mechanism other than thermal ionization (for 
example, strong fields or light irradiation) are called nonequilibrium carriers. 
When nonequilibrium electrons (holes) are formed the thermal equilibrium 
between lattice and electrons (holes) is disturbed. After the external excitation is 
removed, the thermal equilibrium will be re-established after a time. It will be 
assumed that the number of nonequilibrium carriers is not very large and their excess 
energy is small compared with the thermal energy of the crystal lattice. In this case 
the re-establishment of equilibrium consists only of the annihilation of 
nonequilibrium carriers. The temperature of the lattice and the whole crystal and the 
density of equilibrium carriers remain practically constant, i. e., the application or 
removal of the excitation changes the density of nonequilibrium carriers (An and Ap) 
without effecting the density of equilibrium ones (no and p0). The total carrier 
densities are then given by 
no+An, (3.1.1) 
p= po+Op. 
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The conductivity ß of a semiconductor is altered by the presence of 
nonequilibrium carriers 
ß= e[µ, (no+An)+µh(po+Ap)], (3.1.2) 
where µ, and µ, are the electron and hole mobility, respectively and e is the electronic 
charge. The nonequilibrium conductivity is then given by 
Aa = e(. t An +µ,, Ap). (3.1.3) 
We consider here the case where the nonequilibrium conductivity appears as a 
result of illumination. The process in which nonequilibrium carriers are generated 
due to light absorption is then called photoconduction and Aa is called the 
photoconductivity. Let g be the number of electron-hole pairs generated per unit time 
in unit of volume, which is proportional to the optical energy absorbed in that time in 
that volume. If I is the light intensity per unit area, the energy absorbed per unit time 
in unit area of a layer of thickness dx, where x is the direction of propagation of light, 
is given by 
- dl =a Idx, (3.1.4) 
where a is the optical absorption coefficient. a is defined as the relative rate of 
decrease in light intensity along its propagation path and is a function of the material 
as well as the excitation wavelength X. Figure 3.1.1 shows a as a function of A. for Si, 
Ge and. GaAs. 
The energy absorbed per unit time in unit of volume can be written as 
dl 
- dz - 
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The number of electron-hole pairs produced per unit volume in unit time is then equal 
to 
g_ 
ial 
by' 
(3.1.6) 
where v is the excitation frequency, h is the Planck constant and 11 is the quantum 
efficiency. The quantum efficiency expresses the probability that an incident photon 
will release an electron-hole pair; if each absorbed quantum produces one 
electron-hole pair then r=1 [2]. 
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Figure 3.1.1 Absorption 
coefficient a as a function of 
excitation energy for Si, Ge and 
GaAs [1]. 
Figure 3.1.2 shows the variation of carriers density with time during illumination. 
If no other process rather than carrier generation took place, An and Ap would 
increase with time without limit (figure 3.1.2, dashed line), i. e., 
An = tip = 8t, (3.1.7) 
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where it is assumed that no space charge was built-up during the photoconductivity 
process, so that An = Ap. However, after a time fron the beginning of illumination a 
steady-state (constant) photoconductivity O6, is established (or, equivalently, 
steady-state nonequilibrium carrier densities An, and tip, are established), where the 
subscript s indicates steady-state conditions. It follows that a carrier annihilation 
process takes place simultaneously with the generation process and, when the 
steady-state is reached, the rates of both processes must be equal. 
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Figure 3.1.2 Variation of On (= Ap) 
with time during illumination for a 
hypothetical situation where only a 
generation process would occur 
(dashed line) and for a case where 
generation and recombination 
processes occur simultaneously (solid 
line). 
The process of carrier annihilation is known as "recombination". The rate of 
recombination is a function of the nonequilibrium carrier densities; at the beginning 
of illumination, when An and Ap are low, this rate is low, but it increases as An and 
Ap increase until it becomes equal to the generation rate. Then, An and Ap reach a 
constant value after a certain time (figure 3.1.2, continuous curve). This corresponds 
to the steady-state photoconductivity. 
The steady-state electron and hole densities An, and Ap, may be written as 
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ýa 1 (3.1.8) ins = gt = h- i,,, 
ha l AP, = gtt = by Tv 
and the steady-state photoconductivity, from eqns. 3.1.3 and 3.1.8, is given by 
Es = eg(µýti. +µti p), (3.1.9) 
where ; and p are the average recombination lifetime (the average time a carrier is 
free to contribute to the conductivity before it recombines) for electrons and holes, 
respectively. 
For a p-type material ti. is called minority carrier lifetime and represents the 
mean lifetime of the excess electron-hole pairs; ti, is defined analogously for a n-type 
material. Our further discussions will be centred on a p-type semiconductor, so that 
the recombination lifetime ti1e is defined as being identical to the minority carrier 
lifetime ti., i. e. 't, ° tip. 
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3.2 - RECOMBINATION PHENOMENA 
3.2.1 - Introduction 
Carriers which take part in the conduction process will remain free until they 
recombine or are captured at a defect centre. The capture centres can be broadly 
classified into two groups: 
- Recombination centres: the probability of the captured carrier recombining with a 
carrier of opposite sign is greater than the probability of being thermally re-excited 
to the free state. 
- Trapping centres: the probability of the captured carrier being thermally re-excited 
to the free state is greater than the probability of recombining with a carrier of 
opposite sign. 
The distinction between recombination and trapping centres varies with the 
conditions of excitation. For example, under different illumination intensity or 
temperature, a capturing centre can act either as a trapping or a recombination centre. 
Whether a centre acts as a recombination or trapping centre depends on the ratio of 
the probability of capture of a carrier with opposite sign to the probability of thermal 
freeing of the trapped carrier. In this chapter we will deal with the recombination 
phenomena, so that it will be assumed that we have a semiconductor in which 
recombination centres are dominant. The effect of traps will be considered later. 
The recombination process can be classified according to the recombination 
mechanisms (direct or via defects localized in the bulk and/or at the surface of the 
semiconductor) and the means of energy loss of the excited carriers. In the case of 
direct recombination, the electron and hole recombine through an electron dropping 
from a state in the conduction band to an empty state in the valence band in a single 
transition (figure 3.2.1. a). When the recombination occurs through a recombination 
centre, the electron (hole) is captured by a centre and subsequently the occupied 
centre captures a hole (electron) and the recombination process is then completed 
(figure 3.2.1. b). 
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The energy of the excited carriers can be lost by three main mechanisms: 
- Radiative recombination: the energy is carried away by a photon. 
- Multiphonon recombination: the energy given out is transformed into thermal 
energy of lattice vibrations. 
- Auger recombination: energy released is transferred to another electron in the 
conduction band, or a hole in the valence band, thus creating a highly energetic 
charge carrier which subsequently shares its energy mostly with the lattice. 
Two or more processes described above may be involved simultaneously [2]. 
conduction band 
(a) (b) 
recombination 
centre 
valence band 
Figure 3.2.1 Recombination processes: (a) direct recombination and (b) recombination 
through a recombination centre. 
The band-to-band transition of an electron from the conduction band to the 
valence band is made possible by emission of a photon (radiative process) or by 
transfer of the energy to another free electron or hole (Auger process). The 
multiphonon process has a low probability of occurring [2]. Even the most energetic 
phonons - optical phonons - have energy less than 0.1 eV, so that more than ten must 
be generated if a carrier is to lose the band gap energy (AE =I eV). 
Instead of making a direct recombination with a hole, an electron may first of all 
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join up with a hole to form an exciton. The exciton may decay by emitting radiation, 
the frequency of this corresponding to an energy slightly less than AE [2]. 
Smith [2] reviews various processes by which an electron or hole can lose energy 
in falling into a recombination centre from the conduction or valence band, 
respectively. For an electron to be captured by a centre it may have to dispose of 
energy of the order of AE/2 (0.5 eV) which would require a considerable number of 
phonons. It has been suggested [3], for example, that the electron (or hole) is 
captured into a highly excited state of the impurity centre. This can occur with only a 
small amount of energy to be disposed of and so need only involve a single acoustic 
phonon. After being captured, the electron cascades down through the excited states 
of the centre, each step down requiring the emission of only a single phonon. 
Another proposal [4] for disposing of the excess energy is that the electron (or hole) 
loses energy through an Auger recombination in which an electron (or hole) is 
captured rather than falling into the valence (conduction) band. 
3.2.2 - Recombination kinetics 
We consider here a semiconductor in which deviations of On and Ep from the 
equilibrium carrier concentrations no and po have been created by a constant generation 
rate g, (which can be due, for example, to a constant light falling on the 
semiconductor). The change in the carrier densities is given by the difference 
between the number of carriers generated per unit time in unit of volume (rate of 
generation gr) and the number of carriers which recombine (rate of recombination r), 
i. e., 
dOp 
_ 
den (3.2.1) 
dt dt = gc - r, 
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where we have assumed that no space charge is built-up, so that An = Ap. After the 
excitation being removed, the carrier concentrations will return to their equilibrium 
values after a time according to 
dAp 
_ 
dAn (3.2.2) 
dt dt -r 
To determine the temporal evolution of An and Ap we consider here two 
important special cases: linear and quadratic recombination. For the linear 
recombination r is proportional to the excess carrier concentration (r « An) while for 
the quadratic case it varies with the square of the excess carrier concentration (r 
An 2). 
1. LINEAR RECOMBINATION 
For the linear recombination the rise and decay curves for the excess carrier 
concentration are described, respectively, by 
dAn An (3.2.3) 
dt "C tiR 
and 
dAn On (3.2.4) 
dt tiR 
; is defined so that dt/ti1e is the probability for a free carrier to recombine in unit time 
dt. 
For ti1e being constant with time, assuming that the illumination begins at t=0, 
eqn. 3.2.3 gives 
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On = Ans 
(1- 
e-" 
), (3.2.5) 
where An, =gj, and represents the excess electron concentration under steady-state 
conditions. For the decay curve, if we assume that at t=0 the illumination ceased, 
and that at this time An = An,, we have 
An = Ans e-fis". 
(3.2.6) 
Then, for a linear recombination, the rise and decay curve are characterized by the 
same time constant, ti, ti1e is the steady-state excess carrier lifetime and represents the 
mean lifetime of an electron-hole pair. It is defined as being the ratio of the 
steady-state excess carrier concentration to the generation rate. In general, for any 
system for which a generation rate is independent of time a steady-state excess carrier 
lifetime can be defined as 
Ans Ala 
Cg = öC =r, 
(3.2.7) 
since at steady-state conditions the generation and recombination rate are the same. 
2. QUADRATIC RECOMBINATION 
In the case of quadratic recombination the rate of recombination is proportional to 
the square of the nonequilibrium carrier density, i. e., r=y Ant, where y is assumed to 
be independent of time. Under illumination we have 
dAn 
_2 
(3.2.8) 
dt - 8c -Yý 
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When the illumination ceases, 
dAn 
_ _, y An 
2 (3.2.9) 
dt 
Using the same initial conditions as for the linear recombination, we have 
An = An,, tanh ( Y8c t) (3.2.10) 
and 
(3.2.11) 
An = is 
1 
t+ 
for rise and decay, respectively. An, is now given by 
=J 
8Yc 
. 
(3.2.12) 
From eqn. 3.2.7 the stationary recombination lifetime t can be calculated, which 
gives 
tiR =1 
(3.2.13) 
In general, an instantaneous lifetime ; (t) may be defined such that 
ýR(t) = 
An (t) (3.2.14) 
een(r) . Sc - ar 
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When dAn/dt =0 eqn. 3.2.14 reduces to eqn. 3.2.7 and gives the stationary lifetime. 
In our further discussions 'r, will mean the stationary lifetime, unless otherwise 
specified. 
3.2.3 - Recombination processes 
We discuss here the kinetics of the recombination processes (direct or through 
a recombination centre) - in particular, we are interested in determining 'C, the 
recombination lifetime. 
1. RECOMBINATION THROUGH A RECOMBINATION CENTRE 
The theory of recombination through a recombination centre 
(Shockley-Hall-Read (SHR) recombination) was given by Shockley and Read [5]. 
Hall [6] has also discussed a similar type of recombination model. We reproduce 
here some important points of their work, which will be relevant for the discussion of 
the results obtained in this thesis. 
It is assumed a density N1e of defect centres with an energy level E1e within the 
band gap which interact with both conduction and valence bands. The recombination 
rate r, assuming that An = Ep is given by 
r= 
where 
noMn +poAn +An2 (3.2.15) 
'ch (no+nl +/n)+ti, (Po+P, +An)' 
n, = NN exp(E jk7) is the number of electrons in the conduction band when the Fermi 
level coincides with ER. 
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P, = N,, exp[-(E1e + AE)/kTJ is the number of holes in the valence band when the 
Fermi level coincides with E1e. 
= 1/(NRsq, ) represents the inverse of the probability per unity of time that an 
electron in the conduction band will be captured at a centre when the centres are 
all empty. 
ih = 1/(N1esq,, ) represents the inverse of the probability per unity of time that a hole in 
the valence band will be captured at a centre when the centres are all filled with 
electrons. 
NN is the density of states in the conduction band. 
N, is the density of states in the valence band. 
k is the Boltzmann's constant. 
T is the temperature. 
s is the electron thermal velocity. 
q,, is the capture cross-section of an unoccupied centre for a free electron. 
q, is the capture cross-section of a centre which is filled with an electron for a free 
hole. 
The recombination lifetime, according to eqn. 3.2.7 is 
no+n1+Ans Po+P, +Ans (3.2.16) tR = 'Gh 
no+Po+An, 
+ýe 
no+Po+Ans 
We consider now eqn. 3.2.16 under low (An « no, p0) and high (An » no, p) 
injection levels. At low injection levels An will be small compared with no and po and 
eqn. 3.2.16 reduces to 
i= ti 
no+n` 
+ti 
Po+Pi (3.2.17) 
R no+Po ` no+Po 
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For a strong p-type semiconductor (p0 » no » p) such that the Fermi level EF lies 
below 2E; - E1e, where E; represents the intrinsic Fermi level (figure 3.2.2), tiR = i,. This 
corresponds to all centres being empty and the number of holes being large enough so 
that a hole will immediately recombine with every captured electron. 
For a less strong p-type semiconductor (n, » po » n; » no » p), such that the Fermi 
level lies above 2E,. - ER (figure 3.2.2), the recombination lifetime is given by 
nl (3.2.18) 
tR = to + th 
Po 
In this situation the centres are still mostly empty but there are not a sufficient 
number of holes to recombine with the captured electrons before the latter are 
re-emitted to the conduction band (in which case the centres will act mainly as 
electron traps). 
conduction band 
ER 
--"----------" ........... EI 
2E1 - ER 
valence band 
Figure 3.2.2 Relative position of the intrinsic Fermi level (E, ) and an arbitrary recombination 
centre ER within the band gap of a semiconductor. For a strong p-type 
semiconductor the Fermi level is localized between the top of the valence band 
and 2E, - ER; for a weak p-type material the Fermi level lies between 2E, - ER and 
the intrinsic Fermi level. 
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For high injection levels the term An, has to be maintained in eqn. 3.2.16. The 
recombination lifetime is then given by 
1 +aMns 
TR - T° 1 +bens' 
(3.2.19) 
where 
a= 
Tti fT. 
b_1 
(3.2.20) 
no + Po 
and 
; (no+n) +ti. (Po+P1)' 
b ýo 
Q 'ýý + Th 
(3.2.21) 
with co being the recombination lifetime at low injection levels (eqn. 3.2.17). When 
An, + 
To analyse the evolution of ti1e with light intensity we will make the usual 
assumptions that the capture cross-sections, and then ti,, and ti,, are independent of 
light intensity. For a strong p-type semiconductor at low injection conditions the 
recombination lifetime is constant (tile =ti). As the intensity is increased, there is a 
monotonic variation of ti1e until it reaches the constant value of tiR = ti, + ti, at high 
injection levels. For a less strong p-type semiconductor, ti, decreases monotonicaly 
from ti1e = ti, + (n, /p)ti, at low injection levels to tiR = 't, + ti, at high injection levels. 
Figure 3.2.3 shows the recombination lifetime ti, as a function of light intensity for a 
strong and less strong p-type semiconductor. 
From eqns. 3.1.9 and 3.1.6 the dependence of the photoconductivity Aß, on 
light intensity can be determined, which gives, for both cases discussed above, Aa, -I 
at low and high injection levels, since ; is constant under these conditions. We 
introduce here the concept of first and second order kinetics. First order kinetics 
means that the effect observed (photoconductivity, for example) varies linearly with 
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intensity, while for second order kinetics the effect observed is not linear on 
excitation intensity. Then, for SHR recombination at low trap density (An = Op) the 
kinetics are first order at low and high injection levels. 
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Figure 3.2.3 Recombination lifetime r, as a function of light intensity for SHR recombination: 
(a) strong p-type and (b) weak p-type semiconductor. The dashed line 
indicates a transition from low to high injection levels. 
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2. DIRECT RECOMBINATION 
We consider here a direct recombination in which the energy is released by the 
emission of a photon (radiative recombination). The recombination rate is 
proportional to the electron and hole densities. At thermal equilibrium the 
recombination rate, r0, is given by 
ro = yr no po, (3.2.22) 
where y, is the radiative recombination coefficient, which, in general, is a complex 
function of temperature, absorption coefficient and photon energy. A detailed 
expression for y was obtained by Roosbroeck and Shockley [7]. 
Under illumination, after a new steady-state has been established, the 
recombination rate is given by 
r+ ro = 'y, np=y, (no + An) Apo + Ap). (3.2.23) 
Then, since in equilibrium ro = 'y, no po, the net recombination rate can be written as 
r=y. (no Ana + po Ans + en; ). (3.2.24) 
For a p-type semiconductor, at low injection levels, r=y, po An,. From eqn. 
3.2.7 the stationary lifetime ti1e can be obtained, so that 
I TR 
+r Po 
At high injection levels r=y, An, 2 so that from eqns. 3.2.13 and 3.1.6 
(3.2.25) 
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by 
2R 
Y. ýa 1 
(3.2.26) 
The evolution of ti1e with light intensity is illustrated on figure 3.2.4, where we have 
assumed that y, is independent of light intensity. 
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Figure 3.2.4 Recombination lifetime ; c; as a function of light intensity for a direct (radiative) 
recombination. At high injection levels ; is directly proportional to I-1.2 . The 
dashed line indicates a transition from low to high injection levels. 
The photoconductivity, from eqns. 3.1.6 and 3.1.9 will vary proportionally to I 
at low injection levels (linear recombination) and proportionally to Ila at high 
injection levels (quadratic recombination), with a smooth variation in between. Then, 
in contrast with a recombination through a recombination centre, where the kinetics 
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are first order for low trap concentration at low and high injection levels, for a direct 
recombination the kinetics are first order at low injection levels and second order at 
high injection levels. 
3.2.4 - Surface recombination 
Electrons and holes may also diffuse to the surface of a semiconductor and 
recombine there. Carrier recombination occurs at the surface due to the presence of 
surface states which, in practice, are due to lattice defects and impurities on the 
surface. The experimentally determined lifetime will be different for different surface 
treatments (for example, polishing or etching). According to Smith [2] the 
experimentally measured lifetime i can be expressed as 
I1 (3.2.27) 
tiM 'rB IS 
where tie is the lifetime due to bulk recombination and Ts is the lifetime due to surface 
recombination. 
The surface recombination is usually described by a surface recombination 
velocity S. For a thin strip of thickness 2a whose length and width are much greater 
than its thickness, is can be written as [2) 
IS (3.2.28) 
TS a 
The surface recombination velocity is sometimes modelled as S= sgN1e [8], where q is 
the recombination cross-section, N1e is the density of recombination centres and s is 
the carrier thermal velocity. For silicon typical values are q- 10.15 cm2, s= 107 cm s-I 
[8] and N1e -5x 1010 cm2 [9], which gives a surface recombination velocity of order of 
5x 102cm s-'. 
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3.3 - PHOTOCONDUCTIVE FREQUENCY RESOLVED SPECTROSCOPY 
3.3.1 - Introduction 
Photoconductive frequency resolved spectroscopy (PCFRS) is one of a family 
of frequency resolved spectroscopy (FRS) techniques that have been recently 
developed for studying the recombination kinetics of semiconductor systems. In the 
simplest form of FRS the optical excitation of a sample is modulated with a small 
amplitude sinusoid and the sample response to the modulation is measured either in 
phase or quadrature to the phase of the excitation modulation using lock-in detection. 
Logarithmically sweeping the modulation frequency then generates a lifetime 
distribution directly. 
An analysis of the photoluminescence frequency resolved spectroscopy 
(PLFRS) technique for a linear system (first order kinetics), at low trap density (An = 
Op), was given by Depinna and Dunstan [10]. Here we will extend Depinna's and 
Dunstan's work by analysing the PCFRS technique for systems displaying first and 
second order kinetics. However, a low trap concentration will still be assumed. The 
effects of traps on the PCFRS response will be discussed later. 
3.3.2 - The basic theory of the PCFRS technique 
In its basic form, a PCFRS experiment consists of exciting a sample by a small 
sinusoidally modulated light and measuring the AC response of the sample to this 
signal by means of a lock-in amplifier. Figure 3.3.1 illustrates a simple circuit to 
detect the PCFRS signal. 
We consider, initially, a semiconductor in which a constant excitation I=I, 
creates excess electron-hole pairs. After the initial transients a steady-state regime is 
established and the steady-state photoconductivity eß, is given by 
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06 =+ bAps), 
where µ, is the electron mobility, µ, r 
is the hole mobility and b= µý/µ. 
LIGHT 
II 
Figure 3.3.1 Schematic of the simplified circuit used for detecting photoconductivity. 
(3.3.1) 
We consider now the effect of a sinusoidally modulated excitation. The 
excitation is modulated at an angular frequency w and may be written as 
I= Ic+IMSinout, (3.3.2) 
where I is the amplitude of the modulation. As the excitation now varies with time, 
the excess carrier density and then the photoconductivity will also be functions of 
time. However, if a small amplitude modulation is applied, i. e. IM « Ic, the time 
dependent component of the excitation will be only a small perturbation to the 
continuous excitation. We speak then about a quasi-static regime - in this case the 
excess carrier densities (and then the photoconductivity) remain essentially the same 
as at the steady-state and only a small deviation from this steady-state is created due 
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to the amplitude modulation of the excitation. 
Let Aa be the photoconductivity under quasi-static conditions. A6 consists of 
two components: the steady-state photoconductivity Aa, and a small time-dependent 
component Sß which is due to the amplitude modulation superimposed on the 
constant excitation. Since Ia, « I,, we have Sa « A(Y,. 
Let V, /t) be the lock-in input (which is proportional to the photoconductivity) 
and R(t) the lock-in response function. The PCFRS response (lock-in output), V0, 
may be written as 
V° 2f 
*wl; ()R(t)dt. 
(3.3.3) 
For quadrature response with the lock-in reference taken from the I,, sintut modulation, 
R(t) is given by [10] 
R(t) = -coswt (3.3.4) 
and for in-phase response 
R(t) = sinwt. (3.3.5) 
To deduce the relationship between V,. (t) and the photoconductivity we 
consider, initially, that the sample is illuminated by a constant light and a steady-state 
regime has been set up. Let u, be the sample resistance under steady-state conditions, 
U the load resistor, i, the current under steady-state conditions and V the DC voltage 
applied to the circuit. If we now perturb the system by superimposing a small 
modulated signal to the excitation, the system will deviate from its steady-state and a 
quasi-static regime will take place. Let Su = Su(t) be the change of the sample 
resistance due only to the modulated component of the illumination (Su = u, - u, 
where u is the sample resistance under quasi-static conditions), i= i(t) the quasi-static 
current and V; = V,. (t) the AC voltage across the load resistor (the lock-in input, since 
the lock-in is AC coupled). Then we have 
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ViV (3.3.6) i 
U+us - 
Su' s U+u,, ' 
The AC voltage across the load resistor is 
V. _ (i -i )U = vu 
su (3.3.7) 
's (U+us-8u)(U+U)' 
Hence 
_ 
(U + u)2 (3.3.8) ý'VU+V; 
(ur+U). 
The change of sample photoconductance Sß' due only to the modulated 
component of the excitation is given by 
8d _1-1_ 
Su (3.3.9) 
us-Su us us(us-Su). 
From eqns. 3.3.8 and 3.3.9 we have 
(U + us)2 (3.3.10) V` 
u; VU-V; usU(us+U) 
From eqn. 3.3.10 it seems, in principle, that the relationship between Sß' (and 
then Sß) and the AC voltage across the load resistor V(t) is not a linear one. 
However, as we are working under small modulation conditions, 8a « Aa; (Aß; is 
the photoconductance under steady-state conditions). Also, since 5a' < ß; ((Y; is the 
steady-state conductance), from eqn. 3.3.10 we can write 
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V1(U +u) 21 (3.3.11) 
as sU vu - V; U(us + U) 
Then 
V, (U + u) 2« usV U-V U(u3 + U) (3.3.12) 
or 
V. (U + us)Z « UV U. (3.3.13) 
Equation 3.3.13 can be rewritten as 
V; U(U + us) 
UÜ us Qc usvU. 
(3.3.14) 
As (U +u, )IU > 1, v, U(U +u, ) «u3VU so that the second term on the denominator of eqn. 
3.3.10 can be neglected and we obtain 
v,. =csa 
where C is given by 
C= usUV K 
(us + U)2 
[VS2 cm 1 
(3.3.1 5) 
(3.3.1 6) 
and K is the proportionality constant (which is a function of sample dimension) 
between the photoconductivity 0a and the photoconductance A6; . In the equation 
above the term between brackets indicates the units of C. Then, for a small 
modulation of the excitation the input to the lock-in is proportional to the AC 
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component of the photoconductivity. When a small load resistance is used (U « u), C 
can be approximated by C- UVK. 
The lock-in output, from eqns. 3.3.3 and 3.3.15 is then given by 
f 2W0 (3.3.17) Vo = 2v [Sn(t)+böp(t)lR(t)dt 
where 
= 
2eµß [Vcm3]. (3.3.18) 
The term between brackets indicates the units of T. 8a is defined analogously to eqn. 
3.3.1 with 8n(t) and 8p(t) representing the deviation of electron and hole 
concentrations, respectively, from their steady-state values. 
3.3.3 - PCFRS at low trap density (An = Ap) 
We consider a semiconductor which is illuminated by a modulated light so that 
excess carriers are generated. When An - Ap eqn. 3.3.17 can be written as 
2°'°' (3.3.19) 
Vo = 2N4(l+b) 
f ät(t)R(t)dt. 
8n(t) can be found by solving the rate equation 
dMn (3.3.20) 
dt -g -r 
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with An = An, + Sn. 
In section 3.2 we have already solved eqn. 3.3.20 for An in order to determine 
the recombination lifetime. Special considerations were made regarding the 
recombination rate r (direct and through a defect, at low and high injection levels) 
while the generation rate was assumed to be constant with time. We now solve eqn. 
3.3.20 for the specific case where the excitation, and then the generation rate, have a 
small sinusoid modulation. Also, in contrast with the calculations developed in 
section 3.2, where we looked for a solution for An under steady state conditions, here 
we will be looking for the temporal evolution of An. 
To determine An(t) we assume, initially, a general system for which the rate 
equation is 
den 
_ _An -, yAn2 dt i 
(3.3.21) 
ti An + yAn2 represents a general recombination rate. The parameters ti and y were 
determined in section 3.2 for the different recombination processes. 
Under steady-state conditions, for a constant generation rate g= gc, from eqn. 
3.3.21 we have 
2gcti (3.3.22) 
I 
An. 
2 
Defining the parameter x such that 
ti (3.3.23) 
K __ 1+ 4'Ygcti2' 
eqn. 3.3.22 can be written as 
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2Kt 
gc 
(3.3.24) 
s K+ ti 
We note that, for a linear recombination, y=0 so that 
x= ti (3.3.25) 
and eqn. 3.3.24 reduces to An, = get, the same result obtained in section 3.2 (see eqn. 
3.2.5 and following comments). Then, for a linear recombination x is the steady-state 
recombination lifetime. For a purely quadratic recombination, we can consider i -* 
- in eqn. 3.3.23 so that 
1 (3.3.26) 
IC = 
)[4-ýBc 
and eqn. 3.3.22 reduces to eqn. 3.2.12. By comparison of eqns. 3.3.26 and 3.2.13 it 
can be seen that for a purely quadratic recombination x still represents the 
steady-state lifetime, except by a factor of 2 (x =, c, /2). 
Assuming that the excitation is sinusoidally modulated, the amplitude 
modulation being small compared with the DC component of the excitation, we may 
write 
8(t) = gc +Sg(t) (3.3.27) 
An (t) = Any, + &n (r), 
where 8g(t) and 8n(t) represent the increment in g, and An, from their equilibrium 
values. Taking eqn. 3.3.27 in eqn. 3.3.21 and using eqn. 3.3.24 for An, we find, after 
some algebraic manipulations 
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d 8n 
__ 
&n 
- 8g dt x' 
(3.3.28) 
where only first order terms in 6n are taken into account. 
Now let Sg =c sin wt. Since in general there will be a phase shift 1 between 
the excitation and the response from the sample we may write 
Sn = n'Esin(wt -4). (3.3.29) 
Taking the expressions for 8n and Sg in eqn. 3.3.28 we find 
n'wcos(wt -$) = sinwt -K sin(wt -4). 
(3.3.30) 
Solving eqn. 3.3.30 separately for sinwt and coswt gives 
n1 =K 
(3.3.31) 
oxs ný+ cos 
and 
tan4 = wx, (3.3.32) 
respectively. 
The quadrature lock-in output Vq from eqns. 3.3.4 and 3.3.19 is then 
V=e l+ b) to i2. (3.3.33) oq Wi O)2K2 +1 
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This is plotted in figure 3.3.2 as a function of co. It is a symmetric Lorentzian on a log 
0) plot, peaked at wox = 1, i. e. 
2n v,, 
1 (3.3.34) 
K 
At the peak frequency Vo9 is then given by 
I +b (3.3.35) Vo4(c p) = V, _ ýy e2x. 
The in-phase lock-in output V,,, from eqns. 3.3.5 and 3.3.19 is given by 
K (3.3.36) Vop (1 + b) the + 
V,,,, is plotted in figure 3.3.2 as a function of a The maximum of this function occurs 
for w=0, in which case we have 
VOP(O) = yr, c (1 + b) u (3.3.37) 
Equations 3.3.33 to 3.3.37 represent the PCFRS response for a system for 
which the rate equation is described by eqn. 3.3.21. Since wp = iv, for linear and 
quadratic recombination at low trap density (On = tsp) the PCFRS response gives then 
the lifetime directly (see eqns. 3.3.34,3.3.25 and 3.3.26). We note that at co the 
in-phase and quadrature responses have the same amplitude. Also, the maximum of 
the in-phase response is twice the maximum of the quadrature response. 
We analyse now the PCFRS response for the different recombination processes 
under the same assumptions made in section 3.2. We will restrict our discussion to 
the quadrature response since it gives the lifetime distribution directly, so that Vo 
(lock-in output) will stand for quadrature lock-in output unless otherwise specified. 
53 
in-phase 
quadrature 
w 
N 
Z 
0 
CL 
w 
w 
0 
d 
LOG G) 
Figure 3.3.2 The quadrature and in-phase PCFRS responses as a function of Co. 
For SHR recombination at low and high injection levels and direct 
recombination at low injection levels the kinetics are first order and the 
recombination lifetime can be obtained directly from the peak position of the PCFRS 
response. If it can be assumed that Y' (eqn. 3.3.18) varies only with temperature co, 
and V0(w) will not vary with light intensity either, since in these cases the lifetime 
does not vary with excitation intensity (section 3.2.3). However, the peak amplitude 
of the PCFRS response is proportional to the amplitude modulation c. For a direct 
recombination at high injection levels the kinetics are second order. Now, since the 
lifetime varies with light intensity (eqn. 3.2.27), the PCFRS will also be a function of 
light intensity. The peak frequency will increase according to I1R while the peak 
amplitude will decrease proportionally to I-In. Figures 3.3.3 and 3.3.4 show oP and 
V0(w, ) as a function of light intensity for SHR recombination for a strong and weak 
p-type semiconductor and also for a p-type semiconductor under direct (radiative) 
recombination at low injection levels, for a constant modulation c. 
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Figure 3.3.3 The dependence of the quadrature peak frequency (o) and the quadrature 
peak amplitude (Va, ) on excitation intensity for SHR recombination for (a) a 
highly and (b) a lightly doped to-type semiconductor. The dashed line indicates 
a transition from low to high injection levels. 
3.3.4 - Summary 
From the results obtained in the previous sections, it has been shown that the 
quadrature PCFRS response at low trap density is a symmetric Lorentzian on a 
log-frequency plot, peaking at coat =1 (eqns. 3.3.33 and 3.3.34), so that it gives the 
steady-state recombination lifetime i directly (except by a factor of 2 in the case of a 
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quadratic recombination). For a linear recombination, when the recombination 
lifetime does not vary with excitation intensity, the PCFRS is also independent of the 
DC component of the excitation whereas for a quadratic recombination it varies with 
the square root of excitation. The PCFRS amplitude is directly proportional to the 
modulation amplitude. 
WP 
Va, 
EXCITATION INTENSITY 
Figure 3.3.4 The dependence of the quadrature peak frequency ((qe) and quadrature peak 
amplitude (V«) on excitation intensity for direct (radiative) recombination. The 
dashed line indicates a transition from low to high injection levels. At high 
injection levels the peak frequency is directly proportional to lea while the peak 
amplitude varies according to I- a. 
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Chapter 4- Experimental Details 
4.1 - INTRODUCTION 
In this chapter we deal with the apparatus and experimental details of the 
PCFRS and photocurrent measurements as well as of sample preparation. In section 
4.2 we give a list of samples and describe the sample preparation conditions. Section 
4.3 describes the PCFRS and photocurrent experimental setup. 
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4.2 - SAMPLE PREPARATION 
4.2.1 - Sample description 
The experiments described here were performed on material from different 
sources: 
- UOS/BTRL: samples were implanted at the University of Surrey (UOS) and a 
post-implant high temperature anneal (HTA) was performed at British Telecom 
Research Laboratories (BTRL), Martlesham Heath. 
- IBIS: samples supplied by IBIS Technology Inc., MA, USA. 
The general objectives of the experiments carried out on these samples are to 
evaluate the influence of implantation and annealing upon the quality of SIMOX 
layers and to compare the quality of SIMOX films produced by different processes. 
In the former case the experiments were performed on material supplied by 
UOSBTRL: unprocessed bulk silicon (BS), as-implanted SIMOX (BSI), high 
temperature annealed bulk silicon (BSA) and high quality SIMOX films (SIMOX). 
The SIMOX wafers were fabricated by a single step implantation of 1.8 x 1018 O" cm-2 
at 200 keV at 550 °C followed by high temperature annealing in a resistive furnace at 
1300 °C for 5 hours. The as-implanted SIMOX was implanted at the same dose as 
the high quality SIMOX material but did not undergo a HTA. The HTA bulk silicon 
was annealed under the same conditions as the SIMOX material. 
The wafers provided by IBIS were fabricated by two different processes: single 
step implantation/annealing (SS) and sequential implantation/annealing (SIA). The 
SS material was obtained by implanting a total dose of 1.8 x J018 O+ cm-2 at 200 keV at 
640 °C. Subsequently, the wafers were annealed at 1300 °C for 6 hours. The SIA 
samples were fabricated by implantation of 0.5 x 1018 0 cm-2 (corresponding to one 
third of the total dose) followed by annealing at 1300 °C for 2 hours. This cycle was 
carried out three times to give a total dose 1.5 x 1018 0 cm-2 and a total annealing time 
of 6 hours at 1300 °C. Table 4.2.1 lists the principal characteristics of all the 
samples. 
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4.2.2 - Deposition of ohmic contacts 
In order to perform electrical measurements ohmic contacts were formed on the 
samples. Prior to the contact deposition the wafers were cut in to small pieces (2 x3 
mm) and given a 30 seconds etch in 40% HF (hydrofluoric acid) solution to remove 
the surface oxide, followed by rinsing in deionized water. Aluminium was used as 
the electrode material. The basic procedure to form the ohmic contacts involved Al 
evaporation over the complete surface of the sample, a photoresist process to define 
the width of the electrodes and electrodes sintering to form good ohmic contacts 
between the silicon overlayer and the Al electrodes. For some of the earlier samples 
Al was deposited by evaporation through a simple shadow mask to define the contact 
geometry. Figure 4.2.1 shows the schematic of the sample geometry. 
Aluminium 
0.5 
0.2 SI overlay 
0.3 . s. t. s. s. t. t. t. s. s. t. s. s. t. t. s. t. t. t. t. s. t. s. s. t. s Oxide 
Substrate 
Figure 4.2.1 Schematic of sample geometry for a SIMOX sample. The width of the layers, 
in µm, is also indicated. 
The basic photoresist process is shown in figure 4.2.2. The Al layer (about 0.5 
µm thick - figure 4.2.2. a) was formed by evaporating Al over all the sample surface. 
The Al was then coated with a negative photoresist emulsion (about 1.2 µm thick - 
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figure 4.2.2. b) which, when exposed to ultra-violet light becomes less soluble in a 
developer solution. After drying (soft bake at 75 °C for 15 minutes) the photoresist 
was exposed to UV light (8 seconds) through a photomask. The sample was then 
developed in a solution that dissolves the photoresist that was not exposed to the UV 
radiation (figure 4.2.2. c). Subsequently the sample was put in a proprietary solution 
that etches the exposed Al but does not attack the resist (figure 4.2.2. d). Finally, the 
photoresist was removed using fuming nitric acid (figure 4.2.2. e). 
aluminium 
71 (a) 
photoresist 
(b) 
(c) 
(d) 
71 (0) 
Figure 4.2.2 Steps in the photoresist process. 
After the electrodes have been formed the samples were sintered by heating to 
250 °C for 15 to 30 minutes using a thermostatically controlled hotplate. The 
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contacts on samples SS and SIA were sintered in a furnace at 500 °C for 90 minutes. 
To check if ohmic contacts had been formed, the I-V characteristics were measured 
using a curve tracer. 
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4.3 - PCFRS AND PHOTOCURRENT EXPERIMENTAL DETAILS 
The schematic of the PCFRS spectrometer used for these experiments is shown 
in figure 4.3.1. The excitation module consists of a pair of LED's connected in series 
with a load resistor to monitor the LED current. One LED excites the sample while 
the other provides a phase reference. The reference LED is coupled by optical fibre 
to a fast Si photodiode to provide an absolute measurement of the excitation phase. 
Different modules operate in the visible at 565,583 and 635 nm and in the infrared at 
940 nm. The light from the LED is modulated sinusoidally, the modulation level 
being normally kept at 25% of the DC level of excitation. 
optical fibre 
mc ä 
£ 
7optical fibre 
lock-In 
signal LEDs 
_ t- 
amplifier 
optical 
fibre 
DC blas 
fast 
photodtode 
Figure 4.3.1 Schematic of the PCFRS spectrometer. 
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The samples were mounted on a X-Y stage (room temperature measurements 
only) in the spectrometer so that spatial mapping of the samples could be performed. 
A DC bias was applied to the samples to provide an electric field between the 
electrodes. The light from the LED was coupled to the sample by an optical fibre. 
The illuminated spot on the sample was about 0.7 mm diameter. The sample was 
coupled to a variable load resistor (100 0- 10 MS2) which allowed the signal that 
goes to the lock-in amplifier to be adjusted. 
Initial experiments were performed manually using as a lock-in detector an 
ORTEC Brookdeal 9453 low noise amplifier and an ORTEC Brookdea! 9412A phase 
sensitive detector referenced from the LED load resistor through an ORTEC 
Brookdeal 9421 phase shifter. The light from the LED was modulated sinusoidally 
by means of a Wavetek 184 sweep generator. With this lock-in the spectrometer 
could operate from 0.1 Hz to 3 MHz corresponding to lifetimes of 2s to 50 ns. 
For the later experiments the spectrometer has been fully automated. A 
Hewlett-Packard 8116A 50 MHz programmable pulse/function generator is used to 
provide sinusoidal modulation of the LED's light over a range of frequencies from 1 
mHz to 50 MHz. An EG&G Brookdeal 5206 two-phase lock-in analyser is used to 
monitor the signal from the variable load resistor. With this lock-in system the 
spectrometer can operate from 2 Hz to 200 kHz equivalent to lifetimes from 3s to 30 
its. A Hewlett-Packard 3488A switch/control unit is used to change the lock-in input 
between the reference LED and the sample. All the experimental parameters are 
controlled by computer. It sets the frequency, waits for a time to allow phase 
acquisition and then records the output from the lock-in amplifier. A block diagram 
of this spectrometer is shown in figure 4.3.2. 
The complementary apparatus for the variable temperature measurements is 
shown in figure 4.3.3. The sample is placed in an Oxford Instruments DN 1710 liquid 
nitrogen cryostat which can operate from 77 to 550 K and is mounted on a sample 
holder in thermal contact with a calibrated Rh-Fe resistance thermometer. This 
thermometer is coupled to a Keithley 196 multimeter in order to measure its 
resistance. The calibration curve for the resistance-temperature conversion is the 
same as used in reference [1]. The desired temperature is set using an Oxford 
Instruments DTC2 digital temperature controller. The sample space is evacuated and 
filled with He to a pressure of approximately I bar. 
The experiments were carried out under different DC light intensities at room 
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temperature and variable temperatures at a fixed DC intensity. In all the experiments 
the infrared LED was used. Table 4.3.1 lists the temperature and light intensity 
ranges in which these experiments were performed, as well as the values for the load 
resistor and voltage across sample and load resistor (Va) for all samples. Figure 4.3.4 
shows the sample resistance (bulk plus bulk/Al contacts resistance) against 
temperature for all samples. 
excitation 
module 
optical fibre 
multimeter 
temperature 
controier 
sample ^^^ 
® Rh-Fe sensor 
cryostat 
Figure 4.3.3 Complementary apparatus for the variable temperature PCFRS measurements. 
The experimental setup used for the photocurrent against light intensity 
experiments was the same as for the room temperature PCFRS measurements (figure 
4.3.2), where the in-phase response of the sample's photoconductivity with respect to 
that of the excitation modulation was measured. The experiments were carried out at 
the same intensity range as the PCFRS measurements. A fully modulated signal was 
applied to the LED at a fixed frequency of 10 Hz. 
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Figure 4.3.4 Sample resistance against temperature for all samples. The solid lines are 
guides for the eye. 
Figure 4.3.5 shows an schematic of the apparatus used to measure the light 
intensity. Initially, for a certain DC level modulated with a small amplitude signal, 
the light coming out of the LED was directed to a fast Si photodiode using an optical 
fibre. The DC voltage across the load resistor was then measured by an oscilloscope. 
The output of the oscilloscope then gives the light intensity in A. U. To generate a 
calibration curve (figure 4.3.6) to convert the arbitrary units in to energy units (mW) 
the pulse generator and excitation module were replaced by an Ar Spectra-Physics 
Series 2000 ion laser system in which case the intensity of the light coming out was 
known. By varying the output of the laser using neutral density filters a curve of laser 
power (mW) against oscilloscope output (A. U. ) was obtained and used to calibrate 
the LED sources used for the experiments. 
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5.1 - INTRODUCTION 
In order to analyse the influence of the implant and anneal conditions on the 
lifetime distribution of SIMOX layers, two main sets of experiments were performed. 
The first one, conducted on material produced at UOSBTRL, consisted of 
measurements on bulk silicon, high temperature annealed (HTA) bulk silicon, 
as-implanted SIMOX and high quality SIMOX material. These experiments allow us 
to separate the influence of the implant and anneal on the lifetime distribution of a 
SIMOX material. The second batch of experiments were performed on material 
produced by IBIS Technology Inc., USA. In these experiments samples prepared 
under different conditions, i. e., by a standard process (single step implantation and 
annealing) and by a sequential implantation and annealing (three step implant/anneal) 
were compared. These samples are listed in Table 4.1.1 
Photocurrent (PC) as a function of light intensity at room temperature and 
PCFRS measurements at different excitation levels and temperatures were the main 
experiments performed. Prior to the measurements, the I-V characteristics of all 
contacts were checked for linearity. Table 5.1.1 lists the main experiments performed 
and the parameters that were analysed. 
In sections 5.2 and 5.3 we report the measurements performed on samples 
prepared from wafers produced by UOS/BTRL and IBIS, respectively. 
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EXPERIMENT PARAMETERS OBJECTIVE 
ANALYSED 
Photocurrent (PC) as a Slope of log PC X log ! Gives information on the recombination 
function of light kinetics: first order (slope = 1) or second 
intensity (I) at room order (slope * 1). 
temperature 
In-phase (IP) and Maximum amplitude (IP) From the relationship between in-phase and 
quadrature (Q) PCFRS Frequency at half maximum quadrature PCFRS responses, systems 
at room temperature amplitude (IP) displaying a lifetime distribution dominated 
Peak amplitude (Q) by a single time constant or by more than 
Peak frequency (Q) one time constant can be distinguished. 
Quadrature PCFRS at Peak amplitude xI The dependence of peak amplitude and 
different excitation Peak frequency xI peak frequency on I gives information on 
levels at room the injection conditions. 
temperature 
Quadrature PCFRS at Peak amplitude xT The dependence of peak amplitude and 
different temperatures Peak frequency xT peak frequency on temperature gives 
information on the trapping mechanism 
(multiple and single trapping). When the 
quadrature PCFRS response varies 
exponentially with temperature, the trap 
energy can be obtained from an Arrhenius 
plot of the peak frequency. 
Table 5.1.1 List of the experiments performed on the samples and the parameters analysed. 
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5.2 - UOS/BTRL SAMPLES 
5.2.1 - I-V characteristic 
Figure 5.2.1 shows typical I-V characteristics for samples prepared from 
unprocessed bulk silicon, HTA bulk silicon, as-implanted SIMOX and high quality 
SIMOX material. The contacts on bulk silicon, HTA bulk silicon and SIMOX show 
an almost linear I-V characteristic, with resistances at room temperature of about 170 
S2,1 kS and 7 k12, respectively. For the as-implanted SIMOX sample an ohmic I-V 
characteristic was not obtained and the resistance of this sample is estimated to be in 
the range 2-20 kS2, at room temperature. 
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Figure 5.2.1 IN characteristics of samples prepared from the unprocessed bulk silicon (BS), 
HTA bulk silicon (BSA), as-implanted SIMOX (BSI) and high quality SIMOX 
material. The solid lines are guides for the eye. 
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VOLTAGE -V VOLTAGE -V 
5.2.2 - Photocurrent 
Figure 5.2.2 shows the photocurrent (PC) against light intensity (I) curves for 
the same samples referred to in figure 5.2.1. The bulk silicon sample shows a 
photocurrent varying linearly with excitation intensity over the entire range of 
intensity used in this experiment. A similar gradient is displayed by the as-implanted 
SIMOX sample, with PC « 10.9. For the HTA bulk silicon PC -, PI over the whole range 
of intensities. The photocurrent against light intensity plot for the SIMOX sample is 
non-linear over the whole of the intensity range, with a slope of 0.8 at low intensities 
(< 102 A. U. ) and 0.5 at high intensities (> 102 A. U. ), with a smooth variation at about 
102 A. U. 
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Figure 5.2.2 The dependence of the photocurrent on light intensity, at room temperature, for 
the same samples referred to in figure 5.2.1. The slope s is also indicated. 
The solid lines are guides for the eye. 
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5.2.3 - Room temperature PCFRS measurements 
Figure 5.2.3 shows the in-phase (IP) and quadrature (Q) PCFRS responses for 
all the samples for a typical intensity value. In the inset we show the quadrature 
PCFRS response (solid line) fitted with a theoretical curve (dashed line) assuming a 
single time constant (single Lorentzian), according to eqn. 3.3.33. The unprocessed 
bulk silicon (figure 5.2.3. a), the as-implanted SIMOX (figure 5.2.3. b) and the SIMOX 
(figure 5.2.3. d) samples show, at room temperature, a PCFRS response dominated by 
a principal time constant. This is evidenced by the good agreement between the 
theoretical curve for a single time constant and the experimental results. 
Nevertheless, for these samples the PCFRS response is broader than a single 
Lorentzian in the wings of the distribution at low and high frequencies, which 
indicates a lifetime distribution composed of more than one time constant. The 
relationship between in-phase and quadrature responses also show a good agreement 
with the one expected for a single system. The peak of the quadrature PCFRS 
response occurs at about the same frequency as the half height of the in-phase signal; 
also, the peak amplitude of the quadrature response is approximately half of the 
maximum amplitude of the in-phase response, being 48%, 40% and 43% for bulk 
silicon, as-implanted SIMOX and SIMOX respectively (for an ideal system described 
by a single time constant, this relationship is 50%). 
For the HTA bulk silicon sample (figure 5.2.3. c) the quadrature PCFRS 
spectrum is broader than a single Lorentzian, an indication of a lifetime distribution 
dominated by more than one time constant. Such a complicated lifetime distribution 
is also evidenced by the differences between the in-phase and quadrature responses. 
The maximum of the quadrature response does not occurs at the frequency at which 
the in-phase amplitude is equal to half of its maximum and, in addition, the maximum 
of the quadrature response is about 20% of the maximum amplitude of the in-phase 
signal. 
In figure 5.2.4 we plot the peak amplitude and peak frequency of the PCFRS 
response as a function of light intensity for all samples. Figure 5.2.4. a shows these 
curves obtained from the bulk silicon sample. The peak amplitude is almost 
independent of light intensity for the whole range of intensities while the peak 
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Figure 5.2.4 Dependence of the peak amplitude and peak frequency of the quadrature 
PCFRS response upon light intensity for (a) bulk silicon (BS), (b) as-implanted 
SIMOX (BSI), (c) HTA bulk silicon (BSA) and (d) high quality SIMOX samples. 
The solid lines are guides for the eye. 
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frequency stays approximately constant for I< 102 A. U. and shows a trend to increase 
for I> 102 A. U. 
Figures 5.2.4. b, 5.2.4. c and 5.2.4. d show the evolution of the peak frequency 
and peak amplitude of the PCFRS response with light intensity for the as-implanted 
SIMOX, HTA bulk silicon and SIMOX material, respectively. The same trend is 
observed for all these curves. The peak frequency stays approximately constant at 
low light intensity whilst at higher intensities it increases with light intensity. The 
peak amplitude is approximately constant at low intensity and decreases as the light 
intensity is further increased. 
5.2.4 - Variable temperature PCFRS measurements 
Quadrature PCFRS measurements were the main experiments performed at 
different temperatures. We describe here the results obtained for each sample. To 
quantitatively analyse the experimental data, theoretical curves representing a single 
Lorentzian or a sum of such curves were derived to fit this data. 
Bulk silicon 
The quadrature PCFRS spectra obtained at different temperatures (80 - 300 K) 
for bulk silicon are shown in figure 5.2.5. In the range of 200 - 300 K (figure 5.2.5. a) 
the PCFRS response is dominated by a single time constant, the peak frequency of the 
distribution and its peak amplitude showing a weak dependence upon temperature. 
At lower temperatures (80 - 200 K) the PCFRS response becomes broader, indicating 
a more complex lifetime distribution. 
At higher temperatures (200 - 300 K) the PCFRS spectra can be approximately 
described by a single Lorentzian (L), although a small peak amplitude emerges at 
low frequencies (L). In the range 80 - 200 K the data are fitted assuming theoretical 
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Figure 5.2.5 Quadrature PCFRS 
response for the bulk silicon sample at 
different temperatures (the temperature 
in K is indicated). The dotted lines 
represent the theoretical fits. 
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curves representing the sum of three Lorentzians (L2, L,, L4). Figure 5.2.6 shows the 
evolution of the peak frequency vP and peak amplitude V of each Lorentzian with 
temperature, in a log vp x 1000/T and log Vx 10001T plots, respectively. 
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Figure 5.2.6 (a) iogv x iooorr and (b) log Vx 1000f' for each of the Lorentzians that 
constitute the PCFRS spectra for the bulk silicon sample. The solid lines are 
guides for the eye. 
As-implanted SIMOX 
The quadrature PCFRS response at different temperatures (80 - 300 K) for the 
as-implanted SIMOX is shown in figure 5.2.7. The PCFRS spectra are broader than a 
single Lorentzian and show a temperature dependence. These spectra can be fitted by 
theoretical curves representing a sum of three Lorentzians M,, MZ and M, over the 
whole temperature range. 
Figure 5.2.8 shows the evolution of the peak frequency and peak amplitude of 
each Lorentzian with temperature, in a logvP x 1000/T and 1ogV x 1000/T plots, 
respectively. A change in the slope of these curves occurs about 150 K. The peak 
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frequencies of M,, MZ and M3 vary with temperature for T> 150 K and are 
approximately constant otherwise. The log V, x 1000/T curves show a trend to increase 
with temperature at higher temperatures (T > 150 K) and to decrease at lower 
temperatures (T < 150 K). 
HTA bulk silicon 
Figure 5.2.9 shows the quadrature PCFRS spectra in the temperature range 80 - 
300 K for the HTA bulk silicon. The lifetime distribution for this sample is too broad 
to be characterized by a single time constant and also shows a strong dependence 
upon temperature. These spectra can be fitted by theoretical curves representing the 
sum of two Lorentzians N, and N2. 
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Figure 5.2.11 Quadrature PCFRS 
response for the high quality SIMOX 
sample at different temperatures (the 
temperature in K is indicated). The 
dotted lines represent the theoretical 
fits. 
84 
101 102 103 104 
FREQUENCY - Hz 
10' 102 103 104 105 
FREQUENCY - Hz 
lot lo' to' 1o5 los 
FREQUENCY - Hz 
The evolution of the peak frequency and peak amplitude of each Lorentzian 
with temperature is shown in figure 5.2.10, in a log vp x 10001T and log V. x 10001T plots, 
respectively. The logv,, x 1000/T curves are similar to the ones obtained from the 
as-implanted SIMOX, showing a change of slope around 180 K. At higher 
temperatures (T > 180 K) a strong dependence of peak frequency upon temperature is 
observed while for T< 180 K it stays approximately constant. 
SIMOX 
The quadrature PCFRS response for the SIMOX sample at different 
temperatures (160 - 340 K) is shown in figure 5.2.11. In the range 270 - 340 K the 
PCFRS distribution is characterized by a single time constant, although a small 
component contribute to the amplitude at low frequencies. This sample shows a 
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Figure 5.2.12 (a) losvo x 10001T and (b) logy,, x 100011 for each of the Lorentzians that 
constitute the PCFRS spectra for the high quality SIMOX sample. The solid 
lines are guides for the eye. 
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strong dependence upon temperature in contrast with bulk silicon, which has also a 
lifetime distribution dominated by a single time constant in this same temperature 
range, but with its peak frequency and peak amplitude showing a weak dependence 
upon temperature. In the temperature range of 160 - 270 K the PCFRS response 
becomes broader and also shows a strong dependence upon temperature. 
The SIMOX PCFRS spectra over the whole range of temperatures can be 
described by three Lorentzians, which are present over different temperature ranges: 
O, (160 - 340 K), 02(160 - 240 K) and O, (160 - 240 K). Figure 5.2.12 shows the 
logy, x 10001T and log V,, x 1000/T curves for each Lorentzian. A change in the slope of 
O, occurs about 270 K while for 02 and O, the same slope is observed over the whole 
temperature range in which they are present. 
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5.3 - IBIS SAMPLES 
5.3.1 - I-V characteristics 
Figure 5.3.1 shows the I-V characteristics which are typical data from these 
IBIS samples. The characteristic curves are almost linear and correspond to 
resistances of order of 5 kS and of about 40 W for samples produced by a single step 
implant/anneal and a sequential implant/anneal process, respectively. 
E 
z0 
w 
cc 
U 
-1 
-2 
Figure 5.3.1 IN characteristics for samples prepared from wafers produced by a single step 
implantlanneal (SS) and by a sequential implant/anneal (SIA) process. The 
solid lines are guides for the eye. 
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VOLTAGE -V 
5.3.2 - Photocurrent 
Figure 5.3.2 shows the dependence of the photocurrent (PC) upon excitation 
intensity. For the single step implant/anneal sample (SS), the photocurrent is linear 
with intensity (PC oc 1) at low intensities and shows a smooth variation to I0-11 as the 
intensity increases. For the sequential implant/anneal sample (SIA), PC - N° over the 
whole range of intensities used in this experiment. 
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Figure 5.3.2 The dependence of the photocurrent on light intensity, at room temperature, for 
the same samples as in figure 5.3.1. The slope of each curve is also indicated. 
The solid lines are guides for the eye. 
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5.3.3 - Room temperature PCFRS measurements 
Figure 5.3.3 shows the in-phase (IP) and quadrature (Q) PCFRS responses for 
the single step implant/anneal (figure 5.3.3. a) and for the sequential implant/anneal 
(figure 5.3.3. b) samples for an arbitrary light intensity. In the inset we show the 
quadrature PCFRS responses (solid line) fitted by a theoretical curve (dashed line) 
assuming a single time constant (eqn. 3.3.33). The single step implantianneal sample 
(SS) shows an in-phase and quadrature responses in good agreement with the 
response expected for a system displaying a single time constant, the peak amplitude 
of the quadrature response being approximately 44% of the maximum amplitude of 
the in-phase response. Also, as is shown on the inset of figure 5.3.3. a, the quadrature 
PCFRS data can be approximately fitted by a single Lorentzian. 
For the sequential implant/anneal sample (SIA), a lifetime distribution broader 
than a single Lorentzian is obtained (see inset of figure 5.3.3. b). Indeed, the 
relationship between in-phase and quadrature signals does not correspond to the one 
expected for a system dominated by a single time constant. For this sample the peak 
amplitude of the quadrature response is approximately 30% of the maximum 
amplitude of the in-phase signal. 
Figure 5.3.4 shows the evolution of the peak amplitude and peak frequency of 
the PCFRS signal as a function of excitation intensity for the single step 
implantlanneal (figure 5.3.4. a) and the sequential implant/anneal (figure 5.3.4. b) 
SIMOX samples. The peak amplitude curve obtained for the SS SIMOX sample 
shows a slow decrease at low intensities (I < 10 A. U. ) and stays approximately 
constant for I> 10 A. U. The peak frequency increases with intensity for I< 100 
A. U., stays constant for I varying between 100 and 400 A. U. and then decreases as 
the intensity is further increased. As for the SIA SIMOX sample, its peak amplitude 
decreases with intensity while the peak frequency moves towards higher frequencies 
as the intensity is increased, over the whole range of intensities. 
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Figure 5.3.3 In-phase and quadrature PCFRS responses for (a) single step implant/anneal 
(SS) and (b) sequential implant/anneal (SIA) samples. The inset shows the 
quadrature PCFRS response (solid line) and a theoretical curve (dashed line) 
obtained by assuming a lifetime distribution dominated by a single time 
constant. 
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PCFRS response upon light intensity for (a) single step implant/anneal (SS) 
and (b) sequential implant/anneal (SIA) samples. The solid lines are guides for 
the eye. 
5.3.4 - Variable temperature PCFRS measurements 
Once again, quadrature PCFRS measurements were the main experiments 
performed at different temperatures. We describe here the results obtained for each 
sample. To quantitatively analyse the experimental data, theoretical curves 
representing a single Lorentzian or a sum of such curves were derived to fit this data. 
Single step implant/anneal SIMOX 
The quadrature PCFRS response for the single step implant/anneal SIMOX 
sample obtained at different temperatures (80 - 300 K) is shown in figure 5.3.5. 
These spectra show a PCFRS response being composed of the sum of two main 
91 
curves. The high frequency peak can be approximately described by a single 
Lorentzian Q, while the low frequency curve can be fitted by the sum of three 
Lorentzians Q2, Q, and Q,. 
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Figure 5.3.5 Quadrature PCFRS response for the single step implant/anneal SIMOX sample 
at different temperatures (the temperature in K is indicated). The dotted lines 
represent the theoretical fits. 
The logvP x I000/T and log Vx 1000/T plots for the peak frequency and 
amplitude of Q,, Q2, Q, and Q4 are shown in figure 5.3.6. The curves obtained from 
Q2, Q, and Q,, are very similar. The evolution of their peak frequency with 
temperature shows a prominent slope (= 0.80 ± 0.03) in the range 200 - 300 K and 
stays roughly constant at lower temperatures (80 - 200 K). The corresponding peak 
amplitudes increase with temperature at higher temperatures and are approximately 
constant at lower temperatures. The dependence of Q, upon temperature is similar to 
Q,, Q, and Q, although weak. The evolution of its peak frequency with temperature 
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shows a slope of 0.23 for temperatures above 200 K and is approximately constant for 
T< 200 K, while its peak amplitude stays approximately constant over the whole 
temperature range. 
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Sequential implant/anneal SIMOX 
Figure 5.3.7 shows the quadrature PCFRS response for the sequential 
implant/anneal SIMOX sample in the temperature range 80 - 300 K. These spectra 
are broader than a single Lorentzian and show a strong dependence upon temperature. 
Over the whole of this temperature range the PCFRS response can be fitted by 
theoretical curves representing a sum of up to three Lorentzians: P, (80 - 300 K), PZ 
(80 - 300 K) and P, (120 - 260 K). 
The IogvP x 10001T and log V x 10001T curves obtained from the peak frequency 
and peak amplitude of these Lorentzians (figure 5.3.8) show two distinct trends, the 
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change-over temperature being around 140 - 180 K. The logv,, x 1000/T curves 
obtained from P, and P2 show opposite behaviour. For P, a strong dependence of 
peak frequency upon temperature at higher temperatures (180 - 300 K) is observed 
while it stays approximately constant for temperatures below 180 K. The peak 
frequency of P2 is approximately independent of temperature for T> 140 K and 
decreases as the temperature is decreased below 140 K. However, the evolution of 
the peak amplitude of these Lorentzians is about the same. It shows a trend to 
decrease with temperature at higher temperatures and it is approximately constant at 
lower temperatures. 
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Figure 5.3.8 (a) 1ogv, x 1000(1 and (b) iogv, x 1000 T for each of the Lorentzians that 
constitute the PCFRS spectra for the sequential implant/anneal SIMOX sample. 
The solid lines are guides for the eye. 
The evolution of the peak frequency of P3 with temperature is similar to P, in 
the range 180 - 260 K while its peak amplitude decreases with temperature over the 
whole temperature range. For temperatures below 180 K the peak amplitude shows a 
trend to increase as the temperature is lowered. However, the experimental errors 
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introduced in the fitting parameters of this curve in this temperature range are very 
high, the main reason being because its peak frequency is localized at low frequencies 
(10 - 102 Hz), which correspond to the lower frequency limit of the spectrometer. 
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Chapter 6- Analysis of Photoconductive Frequency Rsotved 
Spectroscopy 
6.1 - INTRODUCTION 
In chapter 3 we have presented an introduction to the theory of the PCFRS 
technique, where the PCFRS response was analysed for different recombination 
processes, but without taking into account the effects of trapping. The elementary 
theory presented in chapter 3 is rarely applicable to practical measurements since 
even the highest quality materials are known to contain impurity energy levels in the 
band gap, which can act either as trapping or recombination centres. 
As discussed before, the PCFRS technique is based on photoconductivity 
measurements. The photoconductivity decay is strongly influenced by the presence 
of traps and so is the PCFRS response. If either no trapping centres are present or 
they are present at low density (lower than the density of excess carriers) the 
photoconductivity decays at the same rate as the excess carrier density so that it is not 
affected by the presence of trapping centres. When the excess carrier and trap 
densities are comparable the photoconductivity decay can be longer than the excess 
carrier lifetime as the thermal freeing of trapped carriers can prolong it. When the 
trap concentration is greater than the excess carrier density the photoconductivity 
decay is likely to be dominated by trapping effects. 
In considering the presence of trapping and recombination centres in a 
semiconductor band gap an infinity of models can be proposed. Figure 6.1.1 shows a 
few possibilities. Figure 6.1.1. a represents a semiconductor with a distribution of 
recombination centres, electron trapping centres (energy levels close to the 
conduction band) and hole trapping centres (energy levels close to the valence band). 
Figure 6.1.1. b is a simplified version of figure 6.1.1. a. In this case, instead of a 
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Figure 6.1.1 Some possible distributions of impurity energy levels in the band gap of a 
semiconductor. 
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distribution of recombination and trapping centres, only one of each is present. 
Figure 6.1.1. c is a very simplified model for the energy levels lying in a 
semiconductor band gap. It contains only one recombination and one electron 
trapping centre. It is clear that figure 6.1.1. a is the model that best describes a real 
semiconductor, while figure 6.1.1. c is a very simplified description. 
An analysis of the PCFRS response for the systems discussed above requires, 
in the first stage, the solution of the rate equations describing these systems, i. e. 
do 
_k 
dh; (6.1.1) 
dt -g -r -ý71 dt 
dp i dm; (6.1.2) 
dt g-r i=i dt 
dh; n 
dt - tTe; tGei 
and 
dm; p m; (6.1.4) 
dt tTki TGh 
where h and m are the densities of trapped carriers, 1/'c,, and 1fta are the emission 
rates from the traps and 1/T.,., and 1/ti,,, are the trapping capture rates, for electrons and 
holes respectively. 
Exact analytical solutions for the equations above for the systems shown in 
figure 6.1.1 are not possible so that some simplifying assumptions must be made. It 
is obvious that a more complete system (for example, the one shown in figure 6.1.1 . a) 
will require more simplifications. In order to keep the assumptions and 
simplifications to a minimum, we have chosen to analyse the model shown in figure 
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6.1. l. c. Although this model is not the best one to describe a real semiconductor, we 
still consider it valuable to analyse its PCFRS response since it will provide the basic 
understanding of the PCFRS technique. In the following sections we will then 
discuss the PCFRS response for the simple system shown in figure 6.1.1 .c and in 
section 6.5 we extend the results obtained for a more complex system, such the one 
shown in figure 6.1.1. a. 
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6.2 - "EXACT" SOLUTION FOR THE PCFRS RESPONSE IN THE 
PRESENCE OF A SINGLE TRAPPING CENTRE 
The model under consideration is shown in figure 6.2.1. We assume a p-type 
semiconductor with a trap level E in contact with the conduction band, so that it 
captures no holes at all and a single recombination centre E1e. We also assume that no 
recombination occurs through the trapping centre. The recombination mechanism is 
SHR (as discussed in section 3.2.3) and the kinetics are monomolecular so that r= 
n/ti1e, where ; is the excess carrier lifetime. Let h be the density of electrons in the 
traps, H the density of traps which are normally empty at a depth E from the 
conduction band, h/ti,, the generation rate from the traps, q, the capture cross-section 
for the trapping centre, s the electron thermal velocity and Nc the effective density of 
states in the conduction band. We then have 
G= 
gsNc e-E"r 
(6.2.1) 
2kT (6.2.2) 
s 
m 
and 
3l 
Nc =2 2mkT2 
(6.2.3) 
where k is the Boltzmann's constant, T is the temperature, R is the reduced Planck's 
constant and m is the electron effective mass. 
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Figure 6.2.1 The model under consideration for the analysis of the PCFRS response in the 
presence of traps. 
For the system shown in figure 6.2.1 the rate equations describing the electron 
and hole populations are 
do 
_nA 
(6.2.4. a) 
dt g_ iR dt 
A_h (6.2.4. b) 
- dt n(H-h is - 
and 
dp 
_ 9- 
n (6.2.4. c) 
dt i R 
We also have 
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p=n +h. (6.2.4. d) 
Under steady-state conditions the differentials in eqns. 6.2.4 are equal to zero 
so that for a constant generation rate g, we have 
ns = gC;, (6.2.5. a) 
hJ 
= ns(H - hs, s 
(6.2.5. b) 
and 
Ps = ns + ha. (6.2.5. c) 
When a small modulation is applied to the external excitation (as discussed in 
chapter 3), for an incremental change in gc of 8g we may write 
8= gc+s8, 
n= ns + 8n, 
h=h, +Sh, 
and 
P= p5+Sp. 
Taking eqns. 6.2.5 and 6.2.6 in eqns. 6.2.4, the latter reduce to 
(6.2.6. a) 
(6.2.6. b) 
(6.2.6. c) 
(6.2.6. d) 
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d 8n 
= Sg _ 
Sn 
_d 
Sh (6.2.7. a) 
dt tiR dt 
dSh 
_ 
Sn Sh (6.2.7. b) 
dt TT tic 
d 8p 
_ 
Sn (6.2.7. c) 
dt 
Sg 
tiR 
and 
Sp = Sn + Sh. (6.2.7. d) 
14T is defined as 
1= 
(H -h )q s° (H - hs)q, s 
(6.2.8) 
and represents the trapping rate. In deducing eqn. 6.2.7. b it was assumed that (H - h) 
(H - h, - Sh), i. e., the change in the trapped electron density due to a change of the 
external excitation is small, since the amplitude modulation of the excitation is small. 
This approximation is necessary since, otherwise, eqn. 6.2.7. b will contain the 
product of two time dependent quantities, 8n and Sh, which fails the analytical 
solution for the rate equations 6.2.7. Equations 6.2.7 can be combined to give a 
differential equation for Sn, so that 
d2 
+Ad +BSn = 
d8g+8g, (6.2.9) 
dt2 dt dt T. G 
where 
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A_ 1+1+1 
tiG tiR T-T 
and 
B=1. 
tGtR 
For a small sinusoidally modulated excitation we may write 
Sg = Esincot 
and since there is a phase shift between the excitation and the response from the 
sample we also have 
and 
8n = En'sin(wt-4) (6.2.12. b) 
6h =c h' sin(co t- 0'). (6.2.12. c) 
(6.2.10) 
(6.2.11) 
(6.2.12. a) 
Taking eqns. 6.2.12. a and 6.2.12. b in eqn. 6.2.9 and solving separately for 
sinwt and coswt we find 
n' = 
w (6.2.13. a) 
and 
co sind+Awcos4-Bsino 
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tan4 = 
co TG + (A - B'tG)Co 
(A 'AG - 1)co +B 
From eqns. 6.2.7. b, 6.2.12. b and 6.2.12. c we have 
(6.2.13. b) 
h, - 
n' sin 4 (6.2.14. a) 
'rr 'sin0'-wcos0' 
and 
tan Of - 
(M + tan 4 (6.2.14. b) 
1 -=Gtan4* 
The lock-in output, from eqns. 3.3.17 and 6.2.7. d can be written as 
2itho 
Vo = 2NI2 
f 
{Sn (t) +b [Sn (t) + Sh (t)] }R (t) dt. 
(6.2.15) 
Then, for quadrature PCFRS response, taking eqns. 3.3.4,6.2.12. b, 6.2.12. c, 6.2.13 
and 6.2.14 in eqn. 6.2.15 we have 
where 
Va = V'ul (6.2.16. a) 
c10) a4w (6.2.16. b) v= yrý 
ýZ+1'1+ý2+ß, 
and 
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Aýy. '(tw2+ 1) (6.2.16. c) 
S2 =l +b +b & +(1 +ATG -B. 2G)uu2+AQG' -B 
with 
Y= A2-2B, (6.2.17. a) 
X= YZ4B2, (6.2.17. b) 
X+Y (6.2.17. c) ßý =2 
B2 (6.2.17. d) 
a=1+B-A 
(6.2.17. e) 
X ßý tG 
and 
a2 =1- a1. (6.2.17.0 
Equations 6.2.16 and 6.2.17 describe the quadrature PCFRS response for the system 
shown in figure 6.2.1. The only assumption made in deducing this response was that 
the change of the steady-state density of electrons in the traps due to the modulation 
applied to the continuous excitation is small. This approximation is valid since the 
amplitude modulation of the excitation is much smaller than its DC component. 
Examination of eqns. 6.2.16 and 6.2.17 shows that the PCFRS response 
represents the sum of two single Lorentzians on a logo plot, peaked at Nffi, and 
(eqn. 6.2.16. b) multiplied by a function 0 (eqn. 6.2.16. c). These functions are shown 
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in figure 6.2.2. In its present form, although being suitable for numerical calculations, 
the PCFRS response is far from representing any simple analytical function of Z., 'c" 
and tir However, for some special cases simpler analytical solutions can be found. 
We deal with these special cases in the next sections. 
Va 
V. 
Q 
fol (02 
FREQUENCY (LOG SCALE) 
Figure 6.2.2 Normalized functions V ', S2 and the PCFRS response VO (eqn. 6.2.16) for 
arbitrary values of r, To and r,. w, and oat define the limits of the intervals for 
which f2 is approximately constant. 
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6.3 - APPROXIMATE SOLUTIONS FOR THE PCFRS RESPONSE IN THE 
PRESENCE OF A SINGLE TRAPPING CENTRE 
6.3.1 - Introduction 
For tt,, tiR « ti, the PCFRS response (eqn. 6.2.16) assumes a simpler form. In 
this case, defining the intervals ]0, w, ] and [W2, oo[ for which the function 12 is 
approximately constant (figure 6.2.2), it will be shown that the peak frequencies of V 
lie in these intervals. We can then use these peak frequencies to describe the maxima 
of the PCFRS response Vo (given by the product of the functions S2 and V, see eqn. 
6.2.16) and since V has a simpler analytical solution, it can be used to determine the 
evolution of the PCFRS response with temperature and light intensity, the main 
variable parameters in our experiments. 
When c,,, the time the carriers are held in the traps, is longer than both i,, the 
recombination lifetime, and t the time the carriers are free before being trapped, the 
photoconductivity decay is trap dominated. For a small trap concentration ti1e is 
shorter than Cr which ensures that only a minor fraction of electrons are trapped and 
re-trapping is unlikely. However, the time the electron spends in the trap is long 
enough to impede the decay. This situation, in our future discussion, will be referred 
as the single trapping process [1]. For a high trap density t is shorter than T, and the 
electrons are then likely to be trapped several times before they recombine. This case 
will be referred as the multiple trapping process [1]. 
6.3.2 - Approximate analytical solution 
In this section we look for an analytical expression for the peak frequencies of 
the PCFRS response for ti,, rR K t0. In doing so, we will start by analysing the 
functions V' and S2 separately (eqn. 6.2.16). Initially, the peak positions of V and their 
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respective amplitudes will be determined; in a second step we determine the intervals 
in which the function S2 is approximately constant and, finally, we analyse the effects 
of the function 0 on V. 
For tim» ti7, tiR eqn. 6.2.10 can be written as 
11 (6.3.1) 
TR tiT 
Also, from eqn. 6.2.17 we have 
11 (6.3.2. a) 
(6.3.2. b) 02 , 12 
.2 TZG (rR +'CT)2. 
al 1_ 
TT CR2 (6.3.2. c) 
TG (tR +'%. )z 
and 
tT t (6.3.2. d) 
tG (tiR + TT)' 
V, as described by eqn. 6.2.16.6, represents the sum of two single Lorentzians. Their 
peak positions co, and cwL and the respective peak amplitudes V and VL , without 
considering any interaction between these curves, are given by 
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11 (6.3.3. a) 
1 ITT (6.3.3. b) (ilk _ 
TG tR + TT 
v'_a, tiR 
(6.3.3. c) 
H2 OF, 2 ('LT +'CR) 
ý, 
and 
, 
CE2 tiR (6.3.3. d) VL 
- 24N- 2 (tT + tR) 
CR. 
The subscripts L and H refer to signals in the low and high frequency regions of the 
spectrum, respectively. Figure 6.3.1 shows Co. CO,, V and V, ' calculated from eqn. 
6.3.3 (approximate solution) and also the numerical solution for the maxima of V 
according to eqn. 6.2.16. b (exact solution). A good agreement between exact and 
approximate solution is obtained, indicating that V can be described as a double 
peaked function, its peak positions being at co and co,, with respective peak amplitudes 
V and V, ". However, for Vtc 5 0.1 the peak frequencies co. and wL are not far apart 
in a frequency scale and the two Lorentzians degenerate in a single curve, broader 
than a single Lorentzian (figure 6.3.2). This is evidenced by the presence of only one 
peak frequency in the exact solution shown in figure 6.3.1. a. 
We investigate now the function Q. Examination of figure 6.2.2 shows that 92 
is approximately constant at low frequencies, its amplitude being maximum and given 
by its value at (o = 0, and at high frequencies, where its amplitude approximates to 
zero. Defining w, as the maximum frequency such that S1(w, ) - f2(0) and also 
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defining fl(w) as the minimum frequency such that Q((o, ) - ýS2(0), where 4«1, we 
can then define the intervals ]0, co, ] and [t02, oo[ in which 92 is approximately constant. 
co, and cw2are calculated in appendix A, which gives 
F1 tiT + tG (6.3.4. a) 
iG zT 1- 
and 
tiT + tG 1-F (6.3.4. b) 
'TG 'rT 
lQe 
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Figure 6.3.1 Exact (symbols) and approximate (solid lines) solutions for (a) the peak 
frequencies and (b) normalized peak amplitudes of V' for different ratios of 
T, /T,: 10-4 (a), 10-4 (1), 10-i (x) and 1 ("). Curves L, to L. and H, to H, refer to 
signals localized at low and high frequencies, respectively. 
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Figure 6.3.2 Normalized V 'for (a)%- TR - Tr and (b) c, > T > Cr For Tp . ,A. 'Cr the two 
Lorentzians degenerate into a single curve, which is broader than a single 
Lorentzian (the dotted line represents the fit for a single Lorentzian). 
w,, and w,,, the peak frequencies of V will represent the peak frequencies of the 
PCFRS distribution Vo if the function SZ is approximately constant around them, i. e. if 
to, > co and w2 < ou,,. For o), > »,, from eqns. 6.3.3. b and 6.3.4. a, we have 
t. T. (6.3.5) 
1- (MGR + t7. )2 'GR + -CG 
For 0, < oufrom eqns. 6.3.3. a and 6.3.4. b we have 
tie TIT + tic tT (6.3.6) 
1- (tR +'rr)2 tic 'Cc 
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Figure 6.3.3 shows the first and second terms of eqns. 6.3.5 and 6.3.6 plotted 
against t It , for different ratios of It can be seen that for an arbitrary value of 
0.1 these equations are only not satisfied when T,, - -r,, ice. 
100 
105 
7010 
1020 
1-ý 
IA, 
1D 
-v 
1e 1e 10z 100 
IT /TG 
Figure 6.3.3 Numerical solution of eqns. 6.3.5 and 6.3.6, for 4@0.1 for different ratios of 
c jt0: 10; (curves 1D and 2D), 10-4 (curve 2C), 10-2 (curve 2B) and 1 (curves 1A 
and 2A). The solid line corresponds to the first term of these equatibns, the 
dotted lines to the second term of eqn. 6.3.5 and the dashed lines to the 
second term of eqn. 6.3.6. 
We have demonstrated here that for a large range of values of 'cG, tiR and ti,. the 
peak frequencies of V describe the maxima of the PCFRS response, since S2 is 
approximately constant around these points. In a first approximation the peak 
frequencies of the PCFRS response are then given by co,, (eqn. 6.3.3. a) and co, (eqn. 
6.3.3. b). The peak amplitudes may be written as 
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V0(c,, ) = yrE (1 +b +52, ý V'(uuý) _ ýý 
1 +b 'TT 'r. (6.3.7. a) 
2 tT+tR 
and 
b TGCR (6.3.7. b) 
Vo(w, ) = yrc (1 +b+ a) V'(o) - yfE 2 ,T 
where CL is the frequency dependent term of S2 (see eqn. 6.2.16. c) calculated when 
(o--i- oo and S? b is the analog for(O+0. 
f and LL are given by 
S?, 
o 
b 'TG (TR + tT) 
(6.3.8. a) 
TRTT 
and 
P. - 0. (6.3.8. b) 
The relative ratio of the amplitudes at co and (OL is 
V0(Wi) b 'CR +T''ra (6.3.9) 
Vo(ces) 1 +b ýy. c 
which shows that for cr > ttR, tr the PCFRS response is dominated by the low 
frequency peaked Lorentzian. 
Figure 6.3.4 shows the peak frequency and the normalized peak amplitude 
Vo((q, )1(Va(uu)+Vo(a), )) of the PCFRS response obtained from numerical calculations 
of eqn. 6.2.16 and also for the approximate value given by eqns. 6.3.3. a, 6.3.3. b and 
6.3.7. For the low frequency peak the approximate and exact solutions are in good 
agreement, except for tiT - tc. In this case the two Lorentzians degenerate into a 
single curve (see figure 6.3.2. a), which accounts for a higher values obtained for the 
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peak amplitude by using the exact solution. The high peak frequency can not be 
obtained for the exact solution in most of the cases since the amplitude of the low 
frequency Lorentzian at this frequency is, generally, much greater than the peak 
amplitude of the high frequency Lorentzian. 
In summary, we have shown that for T. > T, T, the PCFRS response consists of 
two single Lorentzians peaked at uo, (low frequency peak) and o,, (high frequency 
peak). However, since Vo(O), )/VO(w) » 1, the evolution of the PCFRS response will 
be determined, generally, by the Lorentzian peaked at q. 
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Figure 6.3.4 Exact (symbols) and approximate (solid lines) solutions for (a) the peak 
frequencies and (b) normalized peak amplitudes of the PCFRS response for 
different ratios of t, /T0: 10; (a), 10' (V), 10-9 (x) and 1 (0). Curves L, to L4 and H, 
to H, refer to signals localized at low and high frequencies, respectively. 
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6.4 - THE EVOLUTION OF THE PCFRS RESPONSE WITH EXCITATION 
INTENSITY AND TEMPERATURE 
6.4.1 - Introduction 
In this section we analyse the evolution of the PCFRS response of the system 
shown in figure 6.2.1 with injection level and temperature for';, > tiR, 't,, so that the 
approximations made in section 6.3 can be used. In that case, it was shown that the 
PCFRS response is a double peaked curve, the low peak frequency being given by 
1 tiT (6.3.3. b) 
tiG tiR + , TT 
and the high peak frequency is 
I1 (6.3.3. a) 
TT 'CR 
The respective peak amplitudes are given by 
Vo(0L) = w£ 
b 'Li'CR (6.3.7. b) 
T 
and 
vo(N) = WE 
I+ b ZTtR (6.3.7. a) 
2 rR +'GT 
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We also have 
Vp(o) 
_b 
'[R +'CT 
T V0(týy) 1 +b 
°' 
(6.3.9) 
An analysis of the dependence of the PCFRS response upon temperature and 
excitation intensity requires, initially, a knowledge of the dependence of tiG, tiR and ti, 
on these parameters. Table 6.4.1 summarizes the dependence of these time constants 
upon temperature and light intensity. We make the usual assumptions that the capture 
cross-sections of recombination and trapping centres do not vary appreciably with 
light intensity and temperature, so that they can be considered approximately 
constant. 
LOW INJECTION LEVEL HIGH INJECTION LEVEL 
I T I T 
7-lß - 7-1/2 
i r - 7-1a 1 r5fleE1kT 
, ra _ 1T2ee1kr - 7. -ZeElkr 
Table 6.4.1 Temperature (T) and excitation intensity (I) dependence of t0, r, and TR. The 
symbol "" indicates that these parameters are independent of T and/or I. 
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The dependence of xR upon light intensity was given in section 3.2.3, where the 
expressions for ; at low and high injection levels were obtained for a strong and less 
strong p-type semiconductor, for SHR recombination (see, for example, figure 3.2.3). 
In obtaining the temperature dependence of r, for a less strong p-type semiconductor 
at low injection levels, we have assumed that n, and po have approximately the same 
temperature dependence, so that the only term of ti1e that varies with temperature is the 
thermal velocity (eqn. 6.2.2). 
For the capture rate ti,, from eqns. 6.2.8 and 6.2.5. b we have 
_I+ 
nstGgrs (6.4.1. a) 
Hqc 
with 
n= n+ An = n+'laIýR 
(6.4.1. b) 
s no s no 2v 
At low injection levels (n9 - n) the capture rate can be written as 
_I 
+e\EI-IE.. 
II/kT 
1 
(6.4.2. a) 
TT H9rs H4rs 
with 
e_E_&T (6.4.2. b) tC 
Ngrs 
and 
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n=NeI 
EFI /kT (6.4.2. c) no 
EI and I EF I are the absolute value of the Fermi level and defect level, respectively, 
with the zero in energy taken at the bottom of the conduction band. The 
approximation in eqn. 6.4.2. a is valid since for a p-type semiconductor the Fermi 
level lies between the top of the valence band and the intrinsic Fermi level, so that the 
relationship I EF I-IEI> kT is expected to be satisfied. 
At high injection levels (An, » no, An, » 1/t, V) we have 
I_ 
AnsiG (6.4.3) 
H 
In the following sections we analyse the evolution of the PCFRS response 
(peak frequency and peak amplitude) with temperature and light intensity for single 
(, cr > i, > r, ) and multiple (tiG > tie > T) trapping. Since tiG > r,, from eqn. 6.3.9 it can 
be seen that the amplitude at the low frequency peak, V0(w, ), is much greater than the 
amplitude at the high frequency peak, Vo(w), so that the behaviour of the PCFRS 
response with light intensity and temperature will be generally determined by the low 
frequency peaked Lorentzian. 
6.4.2 - Multiple trapping tic > tiR >t) 
When ;> ti1e > tir the peak frequencies and peak amplitudes of the PCFRS 
response, from egns. 6.3.3. a, 6.3.3. b and 6.3.7, are given by 
WH _1, 
(6.4.3. a) 
TT 
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(6.4.3. b) 
Wi 
, ER, Ec , 
VO «OH) _ 
1+b 
VP- -2 'CT 
(6.4.3. c) 
and 
Vo((WL) = 1v4 
'CT 
. 
T 
Also, from eqn. 6.3.9 we have 
Vo(WW) 
_b 
'CRVG 
VO(W) 1 +b . 
(6.4.3. d) 
(6.4.3. e) 
so that the evolution of the PCFRS response is mainly determined by the low 
frequency peaked Lorentzian. 
Table 6.4.2 summarizes the evolution of the PCFRS response when %> tiR > i,. 
At low injection levels the PCFRS response stays approximately constant with light 
intensity. At high injection levels the peak frequency moves towards high 
frequencies while the peak amplitude decreases as the intensity is increased. 
The peak amplitude and peak frequency of the PCFRS response are 
approximately independent of temperature at high injection levels. At low injection 
levels the PCFRS response varies exponentially with temperature. The peak 
frequency moves towards high frequencies while its amplitude decreases, as the 
temperature is increased. The activation energy of the trapping centre can be 
determined from an Arrhenius plot of wL at low injection conditions. Also, from eqns. 
6.4.3. b and 6.4.3. d we have 
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vo(o) _ WF- 
2(. (6.4.5) 
When the mobility can be written as Tr, so that IF (eqn. 3.1.8) is also proportional to 
TX, the slope of the curve logVo(o) x cup against log T gives the exponent x, which 
expresses the dependence of the mobility upon temperature. 
6.4.3 - Single trapping (tip > ti,. > TR) 
When r, > ti, > t,, from eqns. 6.3.3. a, 6.3.3. b and 6.3.7 we have 
1 (6.4.6. a) 
1 (6.4.6. b) 
taL = TG 
Vo(c)) = yic 
12 b 
'R, 
(6.4.6. c) 
b rGtR (6.4.6. d) 
'TT 
Vo(a0 = yº£ 2 
and 
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V o((00 -b 
to 1 
(6.4.6. e) 
Vo(o, ) 1+b rT 
and the PCFRS response is again dominated by the low frequency peak. 
The evolution of the PCFRS response for the single trapping process is 
summarized in table 6.4.2. The PCFRS response does not vary with light intensity at 
low injection levels. At high injection levels the PCFRS peak amplitude decreases as 
the intensity is increased, although its peak position remains constant. 
The evolution of the PCFRS response with temperature, at low injection levels, 
is similar to the multiple trapping process case described in section 6.4.2. As at high 
injection levels, the peak frequency varies exponentially with temperature, although 
the peak amplitude stays approximately constant. The activation energy at low and 
high injection levels and the dependence of the mobility on temperature at low 
injection levels can be obtained as described in section 6.4.1. Figures 6.4.1 and 6.4.2 
show the evolution of peak position and peak amplitude of the PCFRS response 
(given approximately by V0(cod and co) with temperature and injection levels, for 
single and multiple trapping processes. 
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Figure 6.4.1 Evolution of the (a) peak frequency and (b) peak amplitude of the PCFRS 
response with temperature for single (ST) and multiple (MT) trapping processes 
at low and high injection levels. The dashed lines indicate a transition from low 
to high injection conditions. 
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Figure 6.4.2 Evolution of the (a) peak frequency and (b) peak amplitude of the PCFRS 
response with light intensity for single (ST) and multiple (Ml) trapping 
processes. The dashed lines indicate a transition from low to high injection 
conditions. 
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6.5 - SUMMARY AND DISCUSSION 
From the results obtained in chapter 3 and also from the discussion presented 
in this chapter, it can be seen that the PCFRS response of a system with a trapping 
centre in the band gap is strongly dependent on the emission rate from the trapping 
centre. Indeed, for a system with a single recombination centre (as discussed in 
section 3.3) the PCFRS response can be described by a single Lorentzian peaked at 
OYtR = 1, where tiR is the recombination lifetime. For a semiconductor with a 
recombination and a trapping centre within the band gap the PCFRS response is, 
basically, the sum of two Lorentzians, one peaked at low frequency and the another 
one at high frequency. The high frequency curve is associated with the faster capture 
rate of the centres (tiT for multiple trapping and 'tR for single trapping process) while 
the low frequency Lorentzian is related to the emission rate from the trapping centre. 
However, since the amplitude of the low frequency Lorentzian is much greater than 
the amplitude of the high frequency Lorentzian, the PCFRS response can be 
approximately described by the low frequency curve. 
Exact analytical solutions for the PCFRS response for more complex systems 
(such as the ones shown in figures 6.2.1. a and 6.2.1. b) can not be obtained; however, 
the results obtained here can be extrapolated to analyse the PCFRS response of such 
systems. For a semiconductor with a distribution of recombination and trapping 
centres, the probability of a carrier being captured is the sum of the individual 
probabilities for each centre to capture a carrier, i. e. 
1_1 (6.5.1) 
tR i°1 tRi 
and 
(6.5.2) 1_k, 
T i=1CTi 
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since the capture of a carrier by a centre automatically impedes its capture by another 
centre. 1/ti; and 1/t, represent effective recombination and trapping rates, respectively. 
The emission of a carrier by a centre is, however, independent of the emission rate of 
a carrier from a different centre. We then expect that the PCFRS response of a system 
with a distribution of only recombination centres will not differ appreciably from the 
models proposed before, since in this case an effective recombination lifetime can be 
defined. For a distribution of trapping centres within the band gap we anticipate that 
each trapping centre will give rise to a single Lorentzian in the PCFRS response. This 
prediction relies on experimental results, where we have observed broader PCFRS 
distributions which could be fitted by more than one Lorentzian, with each single 
curve showing a strong dependence on temperature. 
Another topic we discuss here is the PCFRS response when cr « tiR, ti,. In this 
case the time the carrier spends in the trap is too short to affect the photoconductivity 
decay. The PCFRS response is then determined by the recombination mechanisms 
and follows the analysis presented in section 3.3. 
The theory presented in this chapter was developed for the specific case of a 
p-type semiconductor with an electron trap in contact with the conduction band. 
However, it can also be applied to describe a p-type material with a hole trap in 
contact with the valence band. 
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Chapter 7- Discussion 
7.1 - OUTLINE 
7.1.1 - Introduction 
The discussion presented in the following sections will be mainly based upon 
the PCFRS and photocurrent (PC) data. Before discussing the experimental data we 
consider in sections 7.1.2 to 7.1.4 the main theoretical results obtained in chapters 3 
and 6, which will be relevant to our future discussion. 
In section 7.2 we discuss the results obtained for each sample prepared at 
UOSBTRL separately: unprocessed bulk silicon, as-implanted SIMOX, HTA-silicon 
and high quality SIMOX. Table 5.1.1 gives the details of sample preparation. 
Section 7.3 deals with the commercial SIMOX material produced by IBIS 
Tech. Inc., USA, by two different processes: single step implant and anneal and 
sequential implant and anneal processes (see table 5.1.1). 
In section 7.4 we summarize the results obtained from all the samples. We also 
compare the results from UOSBTRL samples in order to evaluate the influence of 
the annealing and implantation processes upon the lifetime distribution of these 
SIMOX films and from IBIS samples to assess the properties of wafers prepared by 
these two methods of fabrication. 
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7.1.2 - PCFRS theory 
The theory developed in chapter 6 to evaluate the PCFRS response of a 
semiconductor when the effects of traps are relevant showed that the PCFRS response 
(eqn. 6.2.16. a) is given by the product of an envelope function S2 (eqn. 6.2.16. c) and a 
function V' (eqn. 6.2.16. b) which represents the sum of two Lorentzians. However, it 
was developed for the specific case where T. > T. and ti, > TT (CG is the time the carriers 
are held in the traps, c, is the time the carriers are free before being trapped and tiR is 
the recombination lifetime), a situation in which the lifetime distribution and carrier 
kinetics are trap dominated. The simplification introduced by this assumption is that 
it makes the envelope function S constant around the maximum frequencies of V, so 
that the peak frequencies of V also represent the maxima of the PCFRS response. 
This is an useful approximation since analytical solutions for these maxima are easily 
determined and can be used to ascertain their evolution with temperature and light 
intensity so that numerical values for activation energies and time constants can, in 
principle, be obtained. 
The simple relationships tic > tiR > 'cr and do > tir > 'te considered in chapter 6 are 
not the only possible ones to occur. We can also have c1e > tir > tir, i,. > tiR > c, Cr > 
tic > ti, and ti1e > tr > tr These relationships can be associated with three distinct 
processes: recombination, single trapping and multiple trapping, the prevailing 
process being determined by the relationships between these time constants. When ; 
is shorter than both i, and tiR (T, > tiT > tiý and ti,. > tiR > tG) carrier recombination is the 
dominant process. In this case we have An = AP and the recombination of carriers 
through deep levels dominates the carrier kinetics. The single trapping process is 
characterized by a fast recombination rate (tit is shorter than both tiT and tic, i. e., tiG > 
> ti1e and ti, > ti,, > tile). This assures that only a minor fraction of the carriers are 
trapped before recombining and that re-trapping is unlikely. However, the time the 
carriers are trapped is sufficiently long to influence the decay. In this case An is no 
longer equal to Ap. The multiple trapping process occurs when iT is shorter than both 
, jr and tiJe (tia > TR > TT and T. > tir > ti)" In this case most of the carriers are trapped 
before recombining and re-trapping is likely. Also, the time the carriers are held in 
the traps is long and can dominate the decay. As for the single trapping process, An * 
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AP. 
We consider now each case separately, assuming that the recombination 
mechanism is Shockley-Hall-Read (SHR). 
1. DECAY LIMITED BY RECOMBINATION 
For tiR > tir, and ti, > tip, although traps can be present they do not influence 
appreciably the excess carrier decay. In this instance the decay is insensitive to tiR <; 
or c, > i, In the first case only a minor fraction of the excess minority carriers is 
trapped while for the latter most of the carriers will be trapped or even re-trapped 
before they recombine. However release from the traps is fast and does not affect the 
decay. 
When tic is less than both ti, and ti1e the frequency dependent term of 0 (eqn. 
6.2.16. c) is small so that 12 -1+b and the PCFRS response, from eqn. 6.2.16 reduces 
to 
a ou a o) (7.1.1. a) Vo = ß'E(1 +b) 
c+0+o 
where 
w_1 
(7.1.1. b) 
Lt 
R 
1 (7.1.1. c) 
Vo(wL) _ q, c 
12b 
, SRI 
(7.1. l. d) 
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1 +b VG (7.1. l. e) VO((! ) _ `FE 2 , rR 
and 
Vo(ws) (7.1.1.0 
Vo((OH) _G 
The subscripts H and L refer to signals in the high and low frequency regions of the 
spectra, respectively. Then, when the excess carrier decay is determined by the 
recombination lifetime the PCFRS response can be approximately described by a 
single Lorentzian peaked at on, = 1, since V0(o), ) > Vo(wH). This is equivalent to the 
simple case discussed in section 3.3. 
2. SINGLE TRAPPING 
For the single and multiple trapping processes it will be assumed, to a first 
approximation, that the function 0 is constant around the peak positions of V, so that 
the maxima of V" also represent the maxima of the PCFRS response. This is valid 
except when ;< ti,.. In discussing the experimental results in the next sections we 
will consider the errors introduced by this approximation. 
The single trapping process is characterized by a shorter recombination 
lifetime, i. e., ti1e <; and ti/e < ti(. Thus only a minor fraction of the carriers are trapped 
(tile < ') and re-trapping is unlikely. However, the time the carriers are trapped is long 
enough (ttG >, c, ) to influence the decay. The peak frequencies of the PCFRS response 
from eqn. 6.4.6 are given by 
w 
(7.1.2. a) 
ý_1, G 
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1 (7.1.2. b) 
V= 'YEb iGtiR 
(7.1.2. c) 
°(q) 2, TT 
vo ()_We 
1+b 
TR 
(7.1.2. d) 
2 
and 
Vo(m) 
_b 
tic (7.1.2. e) 
V0(o) 1 +b cT' 
It can be seen that the PCFRS response is determined by the low frequency 
Lorentzian when ti,, > ti,. (Vo(w) > V0((u)) and by the high frequency Lorentzian 
when Tr <t (V0((O, ) < V0((0)). 
3. MULTIPLE TRAPPING 
The multiple trapping process is characterized by a fast capture rate for the 
trapping centres, i. e., tir < ti. and it < tiR. In this case an excess carrier is likely to be 
trapped several times before it recombines. From eqn. 6.4.3 we have 
tT (7.1.3. a) (ý 
CR, `G 
41 
(7.1.3. b) 
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Eb 
tiGtiR (7.1.3. c) 
Vo (w t) =`Y2t 
V0((w,, ) = 'Pc 
1+b 
"T 
(7.1.3. d) 
and 
VO(W) 
_b 
'rRtic (7.1.3. e) 
VON H) 1 +b tie T 
The PCFRS response is then determined by the low frequency Lorentzian 
independent of the relationship between ti, and tile. 
7.1.3 - PC theory 
Under steady-state conditions the photocurrent (PC) can be written as 
PC « e(µMn, +µhAP$), (7.1.4) 
For SHR recombination when An = Ap we have 
PC « eµ, (1 + b)Ans. (7.1.5) 
The steady-state excess carrier concentration from eqn. 3.1.8 is given by 
lla 1, ý 
(7.1.6) 
An, 
by R 
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Since for SHR recombination the kinetics are first order at low and high injection 
levels (the recombination lifetime is constant, see section 3.2.3) the photocurrent is 
linear on intensity under these regimes, with a smooth variation in between. 
When An # Ap, from eqns. 3.1.6,6.2.5,6.2.8 and 7.1.4 the steady-state 
photocurrent can be written as 
PC « eµ, 1+b+b 
"G 
ha 
l 
tiR 
(7.1.7) 
T 
For; > t6 this reduces to the case where On = Ap and the photocurrent varies linearly 
with I at low and high injection levels. When tiT < tim, assuming that tiG is independent 
of light intensity, the photocurrent is linear with I at low injection levels (; is 
constant, see table 6.4.2) and constant at high injection levels (ti,. increases 
proportionally to 1). 
7.1.4 - Summary of the basic theory of the PCFRS and PC 
Figures 7.1.1 to 7.1.3 summarize the evolution of the photocurrent with light 
intensity and the evolution of the PCFRS response with light intensity and 
temperature for all possible combinations of tim, tT and c1e. SHR recombination (strong 
p-type semiconductor) is assumed. In this case the recombination lifetime is constant 
at low and high injection levels. 
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7.2 - UOS/BTRL SAMPLES 
7.2.1 - Introduction 
In the experiments discussed here the variable parameters are light intensity 
and temperature. The light intensity was varied between 1- 103 A. U. (0.01 - 10 mW). 
The non-equilibrium carrier concentration under steady-state can be estimated from 
eqn. 7.1.6. For infrared light (940 nm) falling on the sample, a= 125 cm-1 [ 11 and 
taking a value of 2 µs for 'cR we find an excess carrier concentration in the range 1010 - 
1013 cm-3. In practice the excess carrier density is expected to be less than the 
calculated value since the loss due to reflection has not been taken into account. 
Id' 
U 
Z 
idß 
toys 
4 
-1 1 000T -K 
Figure 7.2.1 Hole equilibrium concentration against reciprocal temperature for a p-type 
silicon wafer assuming an equilibrium concentration of 10"6cm-3 at 300 K. 
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A typical temperature range used in these experiments is 80 - 300 K. Due to 
carrier freezeout that, for bulk silicon, becomes noticeable for temperatures below 
200 K, the electron and hole concentration in the conduction and valence band will 
decrease as the temperature is lowered. The variation of carrier concentration with 
temperature can be obtained by solving the neutrality equation [2] 
n+nd+N, = p+p, +Nd, (7.2.1) 
where p, is the density of holes in the acceptor levels, N is the density of acceptor 
levels and nd and Nd are the analogue for electron/donor levels. Figure 7.2.1 shows the 
pox 10001T curve obtained for a p-type silicon wafer with resistivity of 17 - 23 SZ cm. 
It shows that at 80 K the hole concentration has dropped to 40% of its value at 300 K. 
7.2.2 - Bulk Silicon 
1. INTRODUCTION 
The analysis of the experimental data has been facilitated by making reference 
to the schematics shown in figure 7.1.2. Preliminary comparison of the photocurrent 
(figure 5.2.2) and PCFRS (figures 5.2.4. a, 5.2.5 and 5.2.6) data from the unprocessed 
bulk silicon sample with figure 7.1.2 indicates that a single trapping process ('C, >, r,; > 
;) at low injection conditions is occurring. 
In the temperature range of 200 - 300 K the PCFRS response is mainly 
determined by a high frequency peaked Lorentzian with an approximately constant 
peak frequency (slope of about 1/2 on a logy, x logT plot). However, a small 
amplitude Lorentzian is emerging at lower frequencies. This behaviour indicates that 
single trapping is occurring under the regime TT > ti, > ti1e. 
As the temperature is further lowered (80 - 200 K) the PCFRS response 
becomes broader than a single Lorentzian and its peak frequency shows an 
139 
exponential dependence upon temperature and moves towards low frequencies while 
the peak amplitude increases. Simultaneously, the relative ratio between the 
amplitudes of the high and low frequency peaked Lorentzian decreases. However, 
single trapping still prevails since as the temperature is decreased t,., ti, and ti1e increase 
(see table 6.4.1) with the rate of change of ti, and ti, being usually faster than ti1e (at low 
injection levels, however, TT and c, have approximately the same temperature 
dependence). Thus, at lower temperatures tiR is still less than tT and ti,,, which 
characterize the single trapping process. 
The evolution of the peak frequency and peak amplitude of the PCFRS 
response with light intensity at room temperature is characteristic of a system under 
low injection with a trend to undergo a transition to higher injection levels. The 
photocurrent varies linearly with intensity (a slope of about 1 on a log-log scale), 
which can also indicate low injection conditions. 
The PCFRS spectra obtained at variable temperature also suggest that low 
injection conditions prevail. Indeed, if high injection levels occurred at room 
temperature, a change in the regime ti,. > ti,, > ti, as the temperature is decreased would 
not take place since ;, increases faster than ti,, which increases faster than ti, P (see table 
6.4.1). Thus, high injection conditions are not thought to prevail since in this case the 
PCFRS response would be dominated, over the whole temperature range, by the high 
frequency peaked Lorentzian, which is weakly dependent upon temperature. 
However, our results show that for temperatures below 200 K the PCFRS response is 
dominated by low frequency signals showing a strong dependence upon temperature. 
2. PCFRS AND PHOTOCURRENT AT ROOM TEMPERATURE 
Before discussing the PCFRS and photocurrent results obtained for the 
unprocessed bulk silicon material we consider the injection conditions in which these 
experiments were performed. For p-type silicon of resistivity 17 - 23 ) cm, po = 1016 
cm-3 [1] and no = 104 cm-3. Also, for the intensity range used in these experiments (1 - 
103 A. U. ), the injected carrier density is in the range 10,0 -loll cm-3 so that high 
injection is achieved for the minority carriers (en » n) while low injection is attained 
for the majority carriers (Op « p0). 
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For silicon it is well known [3] that for injected carrier concentrations below 
1017 Cm-3 at room temperature the carrier lifetime is described by a capture/emission 
process at a single recombination centre (SHR recombination) while for higher 
injection levels (> 10" cm-3) an Auger process is the predominant recombination 
mechanism. Fossum and Lee [4] have shown that, for the SHR mechanism, this 
intrinsic defect is of acceptor type, possibly a vacancy or divacancy complex, with an 
activation energy E1e of about 360 meV above the valence band, at 300 K. Thus, SHR 
recombination is the prevailing recombination mechanism taking place under the 
injection conditions used in our experiments. 
The evolution of the PCFRS response and photocurrent with intensity (figure 
5.2.4. a) characterizes a system under low injection conditions. The peak amplitude of 
the PCFRS response is roughly constant (although it shows a trend to decrease as the 
intensity increases) while the peak frequency stays approximately constant for I< 102 
A. U. and shows a weak increase with intensity for 1> 102 A. U. The photocurrent 
varies linearly with light intensity, which can also indicate low injection conditions. 
At room temperature, the PCFRS distribution obtained from bulk Si can be 
described by a single Lorentzian L, (figure 5.2.3. a). As discussed above, single 
trapping is the main process taking place, so that the recombination lifetime can be 
obtained directly from the peak position of L, (see figure 7.1.2), i. e. 
1 
R 2xv 
p" 
(7.2.2) 
giving zR - 2.0 ± 0.2 µs. 
Figure 7.2.2, taken from Schroder [5] shows a summary for recent data of 
recombination lifetime as a function of doping density in p- and n-type bulk silicon 
material grown by different suppliers. For p-type bulk silicon doped with boron (1016 
cm-s) Passari and Suzi [6] have found a recombination lifetime of about 40 µs, a value 
much greater than the one found in our experiments. This difference can be attributed 
to the surface recombination which will have a strong effect under the excitation 
conditions and geometry used here. Passari and Suzi [6] have used PC and PEM [7] 
as a measurement method, which are independent of light intensity and surface 
recombination. In performing a PCFRS experiment the effects of surface 
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Figure 7.2.2 Experimental values for recombination lifetime as a function of carrier 
concentration in Si [5]. 
recombination cannot be avoided and thus the nature of the surface affects the 
measured value, which, in this case, may be the explanation for the lower value found 
for the lifetime. From the discussions presented in chapter 3, for recombination 
dominated by the surface recombination the experimentally measured lifetime, i, 
can be expressed as 
1S (7.2.3) 
tiM a 
where S is the surface recombination velocity and a is the sample thickness. Taking 
for a the approximate value of a-', where a is the absorption coefficient, we find S of 
order of 10' cm/s. This value is of the same magnitude as the one obtained in chapter 
3 using the definition of S (500 cm/s), thus confirming that the low value found for tiR 
is probably due to surface effects. It should be noted that the reason for performing 
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these experiments on bulk silicon under these conditions, i. e., using light of large 
absorption coefficient, is not to obtain a good value for the bulk lifetime but to 
provide the best control for the subsequent experiments on the processed SIMOX 
which is in the form of a thin surface layer. 
Homewood et al. [8] have also determined the lifetime distribution of a 
device-grade crystalline silicon (p-type, 20 92 cm) using the PCFRS technique. Their 
results show a PCFRS spectrum which is characteristic of a single time constant, with 
a recombination lifetime of about 3.0 µs, which is comparable to the results obtained 
here. 
3. VARIABLE TEMPERATURE PCFRS 
The PCFRS response at different temperatures in the range 80 - 300 K shows 
that the lifetime distribution of bulk silicon is characterized by single trapping process 
under two distinct regimes in the temperature ranges 80 to 200 K and 200 to 300 K, 
respectively. At higher temperatures (200 - 300 K) r,. > 'Cr, > ;te and the lifetime 
distribution and carrier kinetics are determined by the recombination of carriers 
through a deep level. The PCFRS response is characteristic of a single time constant 
and shows a weak dependence upon temperature. As the temperature is lowered (80 - 
200 K), the emission rate from the traps becomes slow (tip > r,. > ti) and the 
capture/emission of carriers from trapping centres dominates both the lifetime 
distribution and carrier kinetics. The PCFRS response is broader than a single 
Lorentzian and shows a strong dependence upon temperature. 
In the temperature range of 200 - 300 K the bulk silicon spectra can be fitted by 
two Lorentzians (L, and L). The peak frequency of L, varies proportionally to T"2 
(figure 7.2.3) while LZ shows a stronger dependence upon temperature (figure 
5.2.6. a). The PCFRS response is dominated by the curve L,, its peak amplitude being 
about ten times greater than that of L2. From figure 7.1.2 it can be seen that such a 
lifetime distribution is characteristic of a single trapping process in which t. 1> tr> tile. 
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Figure 7.2.3 logy, x iogT curve obtained from the peak position of L,, for the unprocessed 
bulk silicon. A slope of 1/2 is obtained. The solid line is least squares fit to 
the data. 
The time constants 't7, tG and ti can be calculated from eqn. 7.1.2. The 
recombination lifetime can be obtained from the peak frequency of L, (eqn. 7.2.2) and 
gives a lifetime varying between ti1e = 1.77 gs at room temperature up to 2.27 µs at 
200 K. The emission rate 'tGis obtained similarly from the peak position of L2. ti, can 
be roughly estimated from the ratio between the peak amplitudes of L, and L2, i. e., 
VLI 1+b tir (7.2.4) 
VL2=bt 
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Table 7.2.1 shows the calculated values of i,, ti,, and tile. It is assumed that the 
ratio between hole and electron mobility, b, does not change appreciable in the range 
200 - 300 K, so that its standard value at 300 K (b = 0.3, from reference [1]) is used to 
evaluate tr 
TEMPERATURE 
(K) 
TO 
(s) 
Tit 
(US) 
Tr 
(Ns) 
ATa 
(%) 
200 106 2.3 188 0 
220 56.8 2.1 155 1 
240 31.8 2.0 220 5 
Table 7.2.1 Calculated values for r,, rR and r, 
In obtaining the values of these time constants it is assumed that the peak 
frequencies of the PCFRS response (eqn. 6.2.16. a) can be described by the peak 
frequencies of the function V (eqn. 6.2.16. b), the function S2 (eqn. 6.2.16. c) being 
approximately constant around these maxima. However, this is not always valid 
when T. < T,, Indeed, in this case, from eqns. A. 8 and A. 9, the limit frequencies co, 
and co, which define the intervals in which the function Q is approximately constant 
(figure 6.2.2) are given, respectively, by 
11 (7.2.5. a) 
ý1 
tG 4 1- e« 'tc 
and 
I1-_1 (7.2.5. b) 
Wz 
£t 
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where r, « 1. Then, the lower frequency peak of V', ((o, = 1/t,, ) occurs within the 
interval [co, 0)2], which corresponds to the region where the function f2 varies fastest 
(see figure 6.2.2). Figure 7.2.4 shows the exact solution for the low frequency peak 
of the PCFRS response for iR =2 µs, ti,. = 220 µs and tic in the range 10l - 10-5 s. It was 
obtained by subtracting the higher frequency Lorentzian (which is peaked at co _ 
1/T1, ) from the total PCFRS response and taking the difference as the low frequency 
signal. It can be seen that as the ratio increases the low frequency peak moves 
away from 1/TG, towards lower frequencies. Table 7.2.1 shows the errors introduced 
in ti,, due to this approximation. It is highest at 240 K with a value of 5% and 
decreases as the temperature is lowered. 
1.2 
0.8 
x 0.6 
3 
0.4 
0 
0.2 
ST /TG 
Figure 7.2.4 Exact solution for the lower frequency peak of the PCFRS response (eqn. 
6.2.16) for TR =2 µs, TT = 220 its and T, in the range 10-' - 10-s s. The solid line is 
a guide for the eye. 
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Figure 7.2.5 shows a simulation of the PCFRS response, according to eqn. 
6.2.16, at 200,220 and 240 K using for i, and; the values listed in table 7.2.1 and 
assuming the mobility independent of temperature. The inset represents the 
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Figure 7.2.5 Theoretical curves for the PCFRS response (eqn 6.2.16) at 200,220 and 240 K 
using for Tp, Ta and c, the values listed in table 7.2.1. The inset shows the 
experimental data obtained at the same temperatures. 
experimental data. Comparison of experimental and theoretical curves shows that in 
both cases the lower frequency component of the PCFRS response moves towards 
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lower frequencies while its amplitude increases, as the temperature is lowered. Also, 
the peak frequency of the higher frequency component decreases as the temperature 
decreases, its rate of change being slower than that of the low frequency peak. 
However, for the theoretical curves the peak amplitude of the higher frequency 
component increases as the temperature increases while the experimental curves show 
an opposite behaviour. We attribute this difference to the poor approximation used to 
obtain the value of ti,. The expressions derived for the peak amplitudes of the PCFRS 
response in chapter 6 are no longer valid when more than one trapping centre is 
present. As discussed in chapters 3 and 6, the PCFRS signal is a function of sample 
photoconductivity and then of the excess carrier densities (see, for example, eqn. 
6.2.15). It is then expected that the amplitude of the PCFRS response will depend 
upon the emission and capture rates of all trapping centres since all the excess carrier 
contribute to the photoconductivity. In using eqn. 7.2.4 to determine i, we have 
assumed that the peak amplitude of different Lorentzians (which are associated to 
different trapping centres) are independent of each other. However, the expressions 
deduced for the peak frequencies of the PCFRS response are still valid since the 
emission of a carrier by a trapping centre is independent of the emission of a carrier 
by another trapping centre. 
With decreasing temperature from 200 to 80 K the value of ti,, becomes greater 
than both ti, P and tir 
A single trapping process is still dominant since ti, is less than 
both tiG and Tr However, since the emission rate from the traps is now the slowest 
process (, cc > ti,. > tiR) traps will exert a strong influence on the lifetime distribution and 
carrier kinetics. Over this temperature range the PCFRS spectra can be fitted by 
theoretical curves representing the sum of three distinct Lorentzians (L2, L,, L) which 
show a strong dependence upon temperature, an indication that capture/emission of 
carriers from trapping centres is occurring via different defect levels. From table 
6.4.2 and section 6.5 it can be seen that the activation energy for these trapping 
centres can be obtained from an Arrhenius plot of the peak frequencies of L2, L3 and 
L4. This is shown in figure 7.2.6. Three distinct activation energies, E2 = 58 ± 15 
meV, E3 = 57 ±5 meV and E4 = 39 ±2 meV are obtained, the errors being mainly 
introduced due to uncertainly in the fitting parameters. 
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Figure 7.2.6 Arrhenius plot for the peak frequency of the Lorentzians which compose the 
PCFRS response for the bulk silicon sample. The solid lines are weighted least 
square fits. 
Based on published values [9] of the energies of known defects in Si we can 
associate these energy levels with the dopants Ga and Al and also with B-C, Ga-C 
and Al-C pairs. Ga and Al give rise to acceptor levels within the band gap situated at 
E, + 72 meV and E, + 67 meV, respectively, and may have been unintentionally 
introduced during the growth of the silicon wafer. Another possible source for the Al 
is that it has diffused into the silicon during contact preparation (the ohmic contacts 
were formed by depositing Al on the silicon surface and then sintering the contacts 
for about 20 minutes at 250/300 °C). Al-C, Ga-C and B-C pair give rise to acceptor 
levels situated at E, + 56 meV, E,, + 57 meV and E,, + 37 meV, respectively [9]. An 
energy level associated with boron can be expected within the band gap since the 
starting silicon wafer is p-type bulk silicon doped with boron while the presence of C 
is not unexpected in Si wafers (at concentration below 0.3 ppm [10]). 
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5. SUMMARY 
An estimation of the injected and equilibrium carrier densities shows that high 
injection for the minority carriers (electrons) and low injection conditions for the 
majority carriers (holes) are achieved in all the experiments performed on bulk silicon 
and also that the recombination mechanism is SHR. Analysis of the evolution of the 
PCFRS response with light intensity and temperature indicates that these experiments 
were performed at low injection conditions, in which case recombination, capture and 
emission rates are determined by the majority carriers. The photocurrent data also 
suggests that SHR recombination dominates the carrier kinetics at low injection 
levels. 
For the unprocessed bulk silicon the kinetics are determined by a single 
trapping process (v > ti1e and ti,, > tiR) in the temperature range 80 - 300 K. At high 
temperatures (200 - 300 K) ti,. > tir and the lifetime distribution is determined by the 
recombination of carriers through deep levels and surface states while at low 
temperatures (80 - 200 K) tT < TGand the capture/emission of carriers from shallow 
trapping centres prevails. 
Three activation energies were determined: E2 = 58 ± 15 meV, E, = 57 ±5 
meV and E4 = 39 ±2 meV and are thought to be due to shallow dopants (Ga or Al) 
introduced during wafer growth or processing and to B-C, Ga-C or Al-C pairs. The 
recombination lifetime in the range 200 - 300 K is found to vary between 1.77 is at 
300Kto2.27µsat200K. 
7.2.3 - As-implanted SIMOX 
1. INTRODUCTION 
The PCFRS response obtained from the as-implanted SIMOX at different 
temperatures is broader than a single Lorentzian and shows a strong dependence upon 
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temperature. The evolution of the peak frequency and peak amplitude of the PCFRS 
response with light intensity and temperature show a behaviour that is typical of 
multiple trapping process. 
2. PCFRS AND PHOTOCURRENT AT ROOM TEMPERATURE 
The evolution of the peak frequency and peak amplitude of the PCFRS 
response with light intensity (figure 5.2.4. b) obtained from the as-implanted SIMOX 
sample at room temperature can characterize a semiconductor with a lifetime 
distribution dominated by a multiple trapping process at low injection conditions with 
a trend to undergo a transition to higher injection levels. Indeed, the peak frequency 
and peak amplitude are approximately constant for I< 102 A. U. and show a weak 
variation for I> 102 A. U. The evolution of the photocurrent with light intensity 
(figure 5.2.2), with a slope of 0.9 on a log-log plot, can also characterize a multiple 
trapping process where a transition from low (slope = 1) to high (slope = 0) injection 
levels starts occurring. 
The PCFRS and photocurrent data obtained from the as-implanted SIMOX as a 
function of light intensity are very similar to the results obtained from the 
unprocessed bulk silicon: the photocurrent is approximately linear on intensity and 
the peak frequency and peak amplitude of the PCFRS response are roughly constant 
for I< 102 A. U. and show a smooth variation for I> 102 A. U. This seems to indicate 
that for these materials a transition from low to high injection levels starts occurring 
about the same intensity. Considering, initially, that the unprocessed silicon and the 
as-implanted SIMOX have the same equilibrium carrier concentration, a transition 
from low to high injection levels is expected to take place, for the as-implanted 
SIMOX, at higher intensities than for the unprocessed bulk silicon (we assume here 
that, as for the unprocessed silicon, the PCFRS signals are due to the majority 
carriers). This is because, for the as-implanted SIMOX, only carriers generated in the 
silicon overlayer (= 0.3 µm thick) will contribute to the photoconductivity while for 
the unprocessed silicon all carriers generated at a depth a-' (- 20 µm, where a is the 
absorption coefficient) will be effective. Then, it appears that, due to oxygen 
implantation, a high density of donor impurities is introduced into silicon, which 
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modifies its initial equilibrium concentration. Indeed, for a strong p-type material, 
when the density of donor levels is very small the Fermi level lies well below the 
middle of the band gap. As donors are added they will have a high probability of 
being ionized, with the electrons mainly dropping to the valence band and acceptor 
levels, since the Fermi level is still localized in the lower half of the band gap. Then, 
the equilibrium hole concentration po decreases as the equilibrium electron 
concentration no increases, so that in contrast to the unprocessed bulk silicon the 
as-implanted SIMOX experiences high injection conditions (qp » p) at lower 
intensities. If we consider that the PCFRS signals are due to the minority carriers, the 
evolution of the PCFRS response with light intensity shows that, for the as-implanted 
SIMOX a transition from low to high injection levels occurs at higher intensities than 
for the bulk silicon sample, thus indicating that the minority carrier density is greater 
and/or the excess carrier density is lower in the as-implanted SIMOX than in the 
unprocessed bulk silicon. 
3. VARIABLE TEMPERATURE PCFRS 
The PCFRS response for the as-implanted SIMOX sample shows two distinct 
trends in the range 80 - 300 K with a change-over temperature at about 150 K. Over 
the whole range of temperatures the PCFRS spectra can be fitted at each temperature 
with theoretical curves representing the sum of three Lorentzians (M,, M2 and M). 
The peak frequency and peak amplitude of these Lorentzians vary with temperature 
for T> 150 K and are approximately constant otherwise (see figure 5.2.8). This 
behaviour can be associated with a semiconductor with a lifetime distribution 
dominated by the capture/emission of carriers by trapping centres in which a multiple 
trapping process prevails (tT <; and cT < tip) and which undergoes a transition from 
low to high injection levels about 150 K. Indeed, when the temperature is decreased, 
the equilibrium carrier concentration is reduced due to carrier freezeout, which 
enables a transition from low to high injection conditions to occur. However, 
Arrhenius plots (vPrx 1000ff) of the peak frequencies of M1, MZ and M, in the 
temperature range 150 - 300 K (figure 7.2.7) give slopes of -6±6, -5±6 and 19 ± 
13, respectively, where the uncertainty is mainly due to errors in the fitting 
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parameters. These slopes, within the experimental errors, are too low or even greater 
than zero to be truly associated to trap energies. This is not particularly surprising as 
this material is so grossly damaged as a result of implantation [I I] that the basic 
theory of simple point defects developed here to analyse the PCFRS response is 
unlikely to apply. Indeed, the silicon overlayer in the as-implanted SIMOX is not 
uniform (both crystalline and amorphous regions are present) and contains a large 
density of complex defects such as dislocations, SiOZ precipitates and voids [11-13]. 
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Figure 7.2.7 Arrhenius plot for the peak frequency of the Lorentzians which compose the 
PCFRS response for the as-implanted SIMOX sample. The solid lines are 
weighted least square fits. 
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4. SUMMARY 
We have demonstrated here that the implantation of oxygen into silicon gives 
rise to a silicon overlayer with different characteristics from the unprocessed bulk 
silicon. The as-implanted SIMOX has a higher density of trapping centres, its 
lifetime distribution and carrier kinetics being dominated by a multiple trapping 
process. It has also been observed that, in comparison with the unprocessed bulk 
silicon, the equilibrium concentration in the as-implanted SIMOX is not the same as 
in the unprocessed silicon, an indication that a compensation process is occurring. It 
has not been possible to obtain activation energies for this material. 
7.2.4 - High temperature annealed (HTA) bulk silicon 
1. INTRODUCTION 
The results obtained for the HTA bulk silicon sample are discussed here. In 
contrast with the unprocessed bulk silicon, the HTA silicon sample has a higher 
density of defects, which is evidenced by a broader PCFRS distribution which shows 
a strong dependence upon temperature. Also, the evolution of the peak frequency and 
peak amplitude of the PCFRS response with light intensity and temperature suggests 
a lifetime distribution and carrier kinetics dominated by a multiple trapping process. 
In contrast with the unprocessed bulk silicon where the PCFRS signals were 
associated with the majority carriers, for this sample it is thought that the PCFRS 
signals are due to the minority carriers (electrons), since for the HTA silicon we have 
identified two energy levels which can be clearly associated with the presence of 
oxygen donors. 
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2. PCFRS AND PHOTOCURRENT AT ROOM TEMPERATURE 
The logvP x log! and log Vx logt curves (figure 5.2.4. c) obtained from the 
PCFRS spectra at room temperature show a behaviour typical of a semiconductor 
which undergoes a transition from low to high injection conditions. The evolution of 
the photocurrent with light intensity (slope of 0.49 in a log-log plot, see figure 5.2.2) 
can also characterize a transition from low to high injection levels. 
In contrast with the unprocessed bulk silicon where high injection levels for the 
minority carriers are achieved over the whole intensity range of 1- 103 A. U., for the 
HTA silicon low and high injection conditions are observed, indicating that the 
minority carrier density in the HTA silicon is greater or that lifetimes are shorter than 
in the unprocessed bulk silicon. For the former case, it suggests that high temperature 
annealing may generate a high density of donor levels within the band gap. Indeed, 
as it is well known [14], oxygen can be electrically activated in silicon by annealing 
at 400 - 800 °C, which generates thermal donors at 450 - 500 °C and new donors at 
about 750 °C. Also, annealing in a nitrogen ambient is found to introduce shallow 
donors into the band gap [14]. In the next section we discuss in more detail the 
generation of oxygen donors in silicon. 
3. VARIABLE TEMPERATURE PCFRS 
The PCFRS response for the HTA bulk silicon sample shows a strong 
dependence upon temperature. These spectra, over the whole range of temperature, 
can be fitted by theoretical curves representing the sum of two Lorentzians (N, and 
N). When the peak frequencies of these single Lorentzians are plotted on a 
inv. x 1000i' scale, two distinct trends can be identified, with a change-over 
temperature at 180 - 200 K. The range 180 - 300 K is characterized by a strong 
dependence of the peak frequencies of N, and NZ upon temperature while at lower 
temperatures (80 - 180 K) they are roughly constant. This behaviour characterizes a 
system where multiple trapping process dominates the carrier kinetics (see figure 
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7.1.3). It also indicates that a transition from low (180 - 300 K) to high injection 
levels (80 - 180 K) occurs at about 180 K, possibly due to the effect of carrier 
freezeout. 
Activation energies for the trapping centres can be obtained from Arrhenius 
plots (figure 7.2.8) of the peak frequencies of N, and NZ in the range 180 - 300 K. We 
have identified two activation energies: E2 = 25 ±6 meV and E, = 215 ± 12 meV. 
These energy levels are not found in the unprocessed bulk silicon sample, which 
suggests that they are introduced during the annealing process. We will attempt to 
associate these levels with the presence of oxygen donors since these centres are 
generated during thermal processing of silicon [15]. 
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Figure 7.2.8 Arrhenius plot for the peak frequency of the Lorentzians which compose the 
PCFRS response for the HTA bulk silicon sample. The solid lines are weighted 
least square fits. 
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Two kinds of oxygen donors have been observed in Czochralski-grown silicon 
crystals after heat treatment, commonly referred to as thermal donors (TD) and new 
donors (ND) [14]. Thermal donors are generated after annealing at 450 - 500 °C and 
new donors at 750 °C. The origin of the oxygen donors is still not clear, being 
associated with Si-O complexes. Thermal donors are thought to be related to oxygen 
clusters while the new donors are associated with interface states [14]. 
Thermal donors are found to be double donors with ionization levels usually 
lower then 160 meV [14-18]. It has been reported [14-17,19] that TD's comprise a 
family of at least nine double donors which are successively evolved with shallower 
donor species becoming dominant as the heat treatment proceeds. Little work has 
been reported regarding the activation energy of the new donors [20,21]. DLTS 
measurements performed on silicon samples annealed at 650 °C showed that, in 
contrast with thermal donors, the new donors traps display a continuous energy 
distribution of deep levels, varying from 70 up to 300 meV, with their density 
increasing towards the conduction band edge. 
Several authors [14,181 have reported activation energies for the neutral 
thermal donors traps in the range 20 - 50 meV (shallow levels) and for the ionized 
traps in the range 110 - 160 meV (deep levels). These energies were obtained after 
annealing at 450 - 500 °C for different times (102 - 106 min). Within the experimental 
errors and also taking into account that the activation energies obtained by different 
authors were achieved under various experimental conditions, the energy levels 
obtained by using the PCFRS technique can be associated to one of the double centres 
in the family of the thermal donors. However, oxygen donors are known to be 
annihilated at temperatures above 900 °C, in which case they should not be detected 
since the annealing in our case was performed at 1300 T. We suggest that if these 
energy levels truly represent the thermal donors, these centres are possibly generated 
during the sample cool down. Parasitic generation of thermal donors during sample 
cooling has been observed by Cristoloveanu [22]. 
The activation energies obtained here can also be associated with the new 
donors. Although it has been observed from DLTS measurements that the new donor 
centres display a continuous distribution of energy levels, such behaviour has been 
reported only by one group (K Hölzlein et al., Erlangen, Germany [20,21]). Taking 
into account the lack of understanding on the origin of the ND's and their complex 
behaviour, it is not unreasonable to associate the new donors with discrete energy 
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levels. In this case the ND's are generated in the early stages of sample cooling. 
Fukuoka [23] has reported that thermal donor formation is suppressed in samples 
containing new donors, so that the dominant oxygen donors after sample cooling will 
be the new donors. 
It is also possible that impurities have been introduced during the annealing 
and processing. From reference [9], donor impurity levels lying between the limits 
30 - 40 meV can be due to Li and Sb and those between 220 - 230 meV to Ti and Ni. 
4. SUMMARY 
We have shown here that annealing at high temperatures introduces a high 
density of trapping centres into the band gap. This is evidenced by a broader PCFRS 
response showing a strong dependence upon temperature and carrier kinetics 
dominated by a multiple trapping process. The minority equilibrium carrier 
concentration, in comparison with the unprocessed bulk silicon, is increased after 
annealing. Two activation energies are found: E2 = 25 ±6 meV and E, = 215 ± 12 
meV and are thought to be due to the oxygen donors. However, since a consistent 
and universally accepted understanding on the origin and evolution of oxygen donors 
in silicon has not yet been formed, these discussions must be somewhat speculative. 
7.2.5 - SIMOX 
1. INTRODUCTION 
The PCFRS data obtained from the high quality SIMOX sample indicates a 
lifetime distribution and carrier kinetics dominated by multiple trapping. The PCFRS 
spectra are broader than a single Lorentzian and show a strong dependence upon 
temperature. The invo x 10001T curves obtained from these spectra are characteristic 
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of multiple trapping where a transition from low to high injection levels takes place as 
the temperature is decreased. Analysis of the peak frequency and peak amplitude of 
the PCFRS response and photocurrent against light intensity curves also indicates that 
multiple trapping is the predominant process. As for the HTA silicon, for this sample 
the PCFRS signals are believed to be due to the minority carriers (electrons). 
2. PCFRS AND PHOTOCURRENT AT ROOM TEMPERATURE 
The logy, x log! and log V x log! curves (figure 5.2.4. d) obtained from the 
PCFRS spectra show that its peak frequency and peak amplitude are approximately 
constant at low light intensity (I < 20 A. U. ) while for I> 20 A. U. the peak frequency 
increases as the peak amplitude decreases. This behaviour can characterize a system 
where multiple trapping prevails and which undergoes a transition from low to high 
injection levels. 
For multiple trapping, when the recombination lifetime is constant, the 
evolution of the peak frequency and peak amplitude (which are related to the product 
see eqn. 7.1.3) of the PCFRS response with light intensity is mainly 
determined by the time constants t1 and ti, since tG is assumed to be independent of 
light intensity. At low injection levels ti, and ti,, are approximately constant and the 
product V(ti1 tG) is also independent of light intensity. We then have a PCFRS 
response with a constant peak frequency and peak amplitude. At high injection levels 
; is constant and tT is directly proportional to I so that the peak frequency increases 
while the peak amplitude decreases. Then a peak frequency and peak amplitude 
dependence on I with a power varying between 0 and 1 and 0 and -1, respectively, 
indicates a transition from a low to a high injection regime. 
The photocurrent against light intensity data is non-linear over the whole range 
of intensities. For I< 102 A. U. a slope of about 0.8 is obtained on a log-log plot while 
for I> 102 A. U. it reduces to 0.5. This behaviour can also characterize a multiple 
trapping process where a transition from low to high injection levels occurs. When 
multiple trapping is the dominant process the capture time of the trapping centre (T) 
is shorter than both recombination lifetime (tiR) and emission rate from the traps (ti6). 
In this case the photocurrent under steady state can be written as 
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PC aT GtR I. 
(7.2.6) 
tT 
At low injection levels ti,, and ti, are independent of light intensity (see table 6.4.1), 
so that the photocurrent increases linearly with I while at high injection levels TT 
varies proportionally to I (CR and TG are again constant) and then the photocurrent stays 
approximately constant. 
Comparing SIMOX and bulk silicon it appears that for the SIMOX sample, as 
for the HTA silicon, high injection conditions for the minority carriers occurs at 
higher intensities than for the unprocessed bulk silicon, which indicates that the 
minority carrier density in SIMOX is greater than in bulk silicon. This carrier 
compensation may be due to defects and impurities introduced during both the 
implantation and the annealing step. As we have discussed before, for both 
as-implanted SIMOX and HTA silicon material, the majority carrier density is 
strongly reduced in comparison with the starting silicon material. A conductivity 
type change from p- to n-type in SIMOX material has been reported by Vetese et al. 
[24] and Cristoloveanu et al. [25]. It has been suggested [25] that this effect is 
probably due to the generation of oxygen donors. In the next section we discuss in 
more detail the oxygen donors in SIMOX. Also, the excess carrier density is 
expected to be lower in SIMOX than in bulk silicon (as discussed in section 7.2.3 for 
the as-implanted SIMOX), which can account for a transition from low to high 
injection conditions occurring at higher intensities for the SIMOX sample. 
3. VARIABLE TEMPERATURE PCFRS 
The PCFRS response for the SIMOX sample shows a strong dependence upon 
temperature, an indication that the capture/emission of carriers from trapping centres 
is the dominant process. These spectra can be fitted by theoretical curves 
representing the sum of up to three Lorentzians, with their peak frequencies and peak 
amplitudes varying with temperature over the whole range of temperature in which 
they are present. The Inv,, x 1000/T curve obtained from the peak frequency of O, 
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(figure 5.2.12) shows two distinct trends. At higher temperatures (270 - 340 K) the 
rate of change of the peak frequency with temperature is fast (slope of about 4.6 in a 
Inv,, x 1000xT plot) and becomes slower (slope less than 0.5) for temperatures below 
270 K. The peak frequency of 02 shows an exponential dependence upon 
temperature over the whole temperature range (slope of about 1) while for 0, the 
dependence of its peak frequency upon temperature is weak (slope less than 0.5). The 
activation energies for the trapping centres can be obtained from Arrhenius plots 
(figure 7.2.9) for the peak frequency of 0, (higher temperatures) and 02. We have 
identified two activation energies: E, = 322 ± 24 meV and E2 = 47 ±7 meV. 
100 
101 
N 
>n 
162 
103 
1000/T 
Figure 7.2.9 Arrhenius plot for the peak frequency of the Lorentzians which compose the 
PCFRS response for the SIMOX sample. The solid lines are weighted least 
square fits. 
We suggest that these defect levels may be introduced during the annealing 
process, since these energies are similar to the activation energies found for the HTA 
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silicon (one deep and one shallow level were also obtained for this sample). In 
discussing the origin of these levels for the HTA silicon we proposed that they might 
be due to oxygen donors. It is then reasonable to expect that the energy levels found 
in the SIMOX sample are also due to oxygen donors generated during the annealing 
process. Cristoloveanu [14] has reported that thermal donors in SIMOX are deeper 
(40 - 80 meV and 220 meV) than in bulk silicon (20 - 60 meV and 110 - 160 meV). 
A comparison of our results for the HTA silicon and SIMOX samples shows that 
deeper levels are achieved for the SIMOX material. In addition, the values found for 
the activation energies are in the energy range found by other groups [14,26,27]. 
However, as discussed before, oxygen donors are expected to be annihilated at 
temperatures above 900 °C. Sheet resistance measurements performed on SIMOX 
samples from different origins as a function of annealing temperature by 
Cristoloveanu [14] have shown that the residual concentration of oxygen donors after 
annealing depends on the specific history of each sample (implant dose and 
temperature, annealing, contamination with carbon, etc) and, although most of these 
donors are annihilated at higher temperatures, some may persist. 
4. SUMMARY 
The SIMOX material, as expected, has a higher density of defect levels than 
the starting bulk silicon. This is evidenced by a lifetime distribution and carrier 
kinetics dominated by multiple trapping. These defects can be introduced both during 
the implantation and annealing stage. We have identified two activation energies: E, 
= 322 ± 24 meV and E2 = 47 ±7 meV which we suggest are related to residual oxygen 
donors. The minority equilibrium carrier density in the SIMOX material is higher 
than in the unprocessed bulk silicon, possible due to the formation of oxygen donors 
during the implant and anneal processes. 
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7.3 - IBIS SAMPLES 
7.3.1 - Introduction 
The experiments discussed here were performed under the same conditions as 
the samples prepared at UOSBTRL.. In section 7.2.1 we have discussed the injection 
conditions, carrier concentration, temperature and intensity ranges in which these 
experiments were carried out. 
7.3.2 - Sequential implant/anneal SIMOX 
1. INTRODUCTION 
Preliminary analysis of the photocurrent and PCFRS results obtained from the 
sequential implantlanneal SIMOX material indicates a carrier kinetics and a lifetime 
distribution dominated by a multiple trapping process. The lnvp x 10001T curves 
suggest a semiconductor with a lifetime distribution dominated by multiple trapping 
where a transition from low to high injection levels occurs around 200 K as the 
temperature is decreased. In addition the PCFRS spectra are broader than a single 
Lorentzian and show a strong dependence upon temperature, again indicating a 
lifetime distribution dominated by capturelemission of carriers from trapping centres. 
The logy, x log!, logV x logi and logPC x log! curves can also characterize a system 
where multiple trapping prevails under low to high injection levels. 
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2. PCFRS AND PHOTOCURRENT AT ROOM TEMPERATURE 
The PCFRS data obtained as a function of light intensity (figure 5.3.4. b) 
indicates a lifetime distribution dominated by multiple trapping under low/medium to 
high injection conditions. The evolution of the PCFRS response with intensity shows 
a continuously decreasing of the peak frequency and an increasing of the peak 
amplitude as the intensity increases, with a faster rate of change at higher intensities. 
The photocurrent against light intensity curve, with a slope of about 0.4 on a 
log-log plot (figure 5.3.2) is also evidence for a transition from low/medium to high 
injection levels in a system where multiple trapping process prevails. For a multiple 
trapping process the photoconductivity is expected to be linear on I at low injection 
and constant at high injection levels (see figure 7.1.3). Then, for this case a slope of 
0.4 indicates a transition from low/medium to high injection conditions. 
3. VARIABLE TEMPERATURE PCFRS 
The PCFRS response obtained at different temperatures (80 - 300 K) is broader 
than a single Lorentzian and shows a strong dependence upon temperature (figure 
5.3.7). These spectra can be fitted by a sum of three Lorentzians: P, (80 - 300 K), P2 
(80 - 300 K) and P, (120 - 260 K). The peak frequencies of P, and P, show an 
exponential dependence upon temperature for temperatures above 180 - 200 K. For 
temperatures below 180 K, the peak frequency of P, is roughly constant while for P, it 
shows a trend to increase as the temperature is lowered. This unexpected behaviour in 
P, (the pattern is a constant or a decrease of peak frequency as the temperature is 
lowered) is mainly because its peak frequency occurs in the frequency range 10 - 102 
Hz, which is in the lower frequency limit of our spectrometer (the spectrometer 
operates in the frequency. range of 10 Hz - 200 kHz), where low frequency noise is 
worse. The peak frequency of PZ stays roughly constant in the range 200 - 300 K and 
decreases as the temperature decreases below 200 K. This behaviour can be 
associated to a system where multiple trapping dominates the carrier kinetics. P, and 
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P3 describe the emission rate from trapping centres, their peak frequency being given 
by CO, = ti, J('cG ;) while the peak frequency of P. is associated to the capture rate of 
trapping centres (uu = 1/i,, see figure 7.1.3). When i,. is much less than both iG and 
tile, the PCFRS response is determined by the low frequency component (this situation 
has been extensively discussed in chapter 6). However, when ; is comparable to ti, 
and r1e (within the limits tiT < ti, ý and 'tT <' R) the 
low and high frequency Lorentzians are 
relevant since now their amplitudes become comparable. 
The activation energies of the trapping centres can be obtained from an 
Arrhenius plot (figure 7.3.1) of the peak frequencies of P, and P, at low injection 
levels. Two energy levels are found: E. = 66 ±7 meV and E3= 14 ± 11 meV. 
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Figure 7.3.1 Arrhenius plot for the peak frequency of the Lorentzians P, and P, obtained at 
low injection for the sequential implantlanneal SIMOX sample. The solid lines 
are weighted least square fits. 
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Samples prepared from this same wafer have been analysed by Perez et at. by 
means of Raman scattering [29-31] and photoluminescence (PL) [28-30] 
measurements and also by cross-sectional TEM [29,30]. We summarize below the 
main points of their work. 
The TEM, shown in figure 7.3.2, reveals two distinct regions above the oxide 
layer. The top one (235 nm thick) is a silicon layer free of precipitates and 
dislocations. Below this layer there is a region of about 200 nm thickness which is 
rich in oxide precipitates and dislocations. It has been reported (see, for example, 
reference [321) that the sequential implant and anneal process produces a material 
with higher quality and lower density of defects than the ones obtained by the 
conventional single step process. Perez [29] suggests that the presence of this 
intermediate layer with a high density of dislocations and oxide precipitates is an 
indication that the experimental conditions for the fabrication of this particular 
SIMOX wafer were not optimal and it is not a typical structure formed by the 
sequential implant/anneal process. 
Figure 7.3.2 Cross-section image of the sequential implant/anneal SIMOX sample. The 
arrow indicates the upper surface [29). 
Raman scattering measurements were performed under different penetration 
depths for the scattered light: 300,600 and 800 nm. The spectra obtained at 300 and 
800 nm are shown in figure 7.3.3, as well as a spectrum for unprocessed bulk silicon. 
The symmetrical shape of these lines confirms the crystalline nature of the layers. In 
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Figure 7.3.3 First order Raman spectra obtained for unprocessed bulk silicon and SIMOX 
samples produced by single step implant/anneal (SS) and sequential 
implant/anneal (SIA) processes at (a) 300 nm and (b) 800 nm. The Raman 
intensities are normalized 1301. 
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comparison with bulk silicon, these spectra show a shift towards low frequencies and 
a symmetrical broadening, an indication that these layers are under tensile strain. The 
increase in the shift and broadening of the Raman lines as the penetration depth 
increases are attributed by the authors to an increase of the contribution to the spectra 
of the region with oxide precipitates and dislocations, since the strain in the top 
silicon is thought to be related with the presence of oxide precipitates. 
The PL spectrum obtained from measurements performed over the energy 
range 0.750 to 1.160 eV is shown in figure 7.3.4. This curve shows a peak near the 
band gap edge due to recombination of extrinsic excitons. Also, at lower energies the 
broad defect related peaks D,, D2, D, and D4 are present. The broadening of the D 
lines have been attributed to inhomogeneous strains in the layers, determined by the 
presence of oxide precipitates. 
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Figure 7.3.4 PL spectra obtained for SIMOX samples produced by a single step 
implant/anneal (SS) and sequential implant/anneal (SIA) processes (30]. 
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Similar material, also produced by IBIS Tech. Corp., has been studied by 
Buczkowski et al. [32,331. The SIMOX substrates were produced by a three step 
implantation ((0.5 + 0.5 + 0.8) x 1010 cm-2) of O" at 200 keV. Each implantation step 
was followed by annealing at 1300 °C (2 hours) in an Ar + 0.5% 02 ambient. These 
authors reported a conductivity type conversion from n- (characteristic of the starting 
silicon wafer) to p-type. SIMS study [32] has revealed the presence of Fe, Cr, Ni and 
V in these SIMOX films and are supposed to be introduced due to interaction of the 
oxygen with metallic parts of the implanter. The authors believe that acceptor-type 
oxygen vacancy impurities and heavy metals detected by SIMS are responsible for 
compensation of the SIMOX material. However, a consistent argument to support 
this hypothesis has not been offered. 
4. SUMMARY 
This SIMOX material cannot be regarded as a typical sample obtained by a 
sequential implant/anneal process. This is evidenced by an intermediate layer with a 
high density of dislocations and oxide precipitates between the high quality silicon 
top film and the oxide layer. Also, a high density of heavy metal (above 1016 cm-3) has 
been detected in similar material by SIMS. The PCFRS analysis also indicates that a 
high density of defect levels are present. The lifetime distribution and carrier kinetics 
are dominated by multiple trapping, which is usually the case when the density of 
trapping centres is high. Two activation energies were found: E, = 66 ±7 meV and E, 
= 14 ± 11 meV, which are probably related to the presence of dislocations and/or 
oxygen precipitates. 
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7.3.3 - Single step implant/anneal SIMOX 
1. INTRODUCTION 
Preliminary inspection of the PCFRS data obtained at different temperatures 
indicates that these spectra are characteristic of a system with carrier kinetics and a 
lifetime distribution dominated by a multiple trapping process. The PCFRS spectra 
can be described, basically, as a double peaked curve. These peak frequencies show a 
strong dependence upon temperature thus indicating that capture/emission of carriers 
from trapping centres is occurring via at least two distinct centres. The logPC x logt, 
log Vx logs and logy, x logt curves can also characterize multiple trapping. 
2. PCFRS AND PHOTOCURRENT AT ROOM TEMPERATURE 
The evolution of the PCFRS response with light intensity is shown in figure 
5.3.4. a. The log v. x logt curve is characteristic of a system where multiple trapping 
dominates, showing a weak decrease of the peak amplitude as the intensity is 
increased. However, the behaviour of the logvp x log! curve is not that expected. The 
pattern is an interval where v is independent of light intensity (low injection 
conditions) followed by a region where v increases with I (see figure 7.1.3). 
However, our results show that the peak frequency is constant at higher intensities " 
(between 100 and 400 A. U. ) and decreases with a further increasing of light intensity 
(I > 400 A. U. ). This behaviour suggests that for this sample very high injection 
conditions have been achieved. In this case the traps are expected to be completely 
filled so that the capture rate of the trapping centres stays constant for a further 
increase in light intensity. 
The photocurrent is linear on intensity for I> 102 A. U. and varies 
proportionally to 1°' otherwise (for I< 103 A. U., the maximum intensity achieved with 
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this spectrometer). This behaviour can also be characteristic of a system with a 
lifetime distribution dominated by multiple trapping under low to high injection 
conditions. 
3. VARIABLE TEMPERATURE PCFRS 
The PCFRS response obtained for this SIMOX material under variable 
temperature is shown in figure 5.3.5. These PCFRS spectra can be described, 
basically, by two main curves. The one peaked at higher frequencies dominates the 
PCFRS response in the range 220 - 300 K and can be fitted by a single Lorentzian 
(Q). Figure 5.3.6. a shows the peak frequency of Q, plotted against 10001T. The peak 
frequency varies weakly with temperature for T> 200 K and stays approximately 
constant otherwise. The second curve, peaked at low frequencies, is broader than a 
single Lorentzian and can be fitted by the sum of up to three Lorentzians (Q2, Q3 and 
Qý. As the temperature is decreased its total peak amplitude increases and dominates 
the PCFRS response. The peak frequencies of Q1, Q, and Q, are strongly dependent 
upon temperature in the range 200 - 300 K and stay approximately constant below 
200 K (figure 5.3.6. a). The evolution of the PCFRS response, as described above, 
can be associated with a system with a lifetime distribution determined by multiple 
trapping (with Q, being associated to the emission rates of the traps while Q2, Q, and 
Q, are related to the capture rates) and which undergoes a transition from low to high 
injection levels at about 200 K, probably due to carrier freezeout. 
Activation energies can be obtained from Arrhenius plots of the peak 
frequencies of Q,, Q, and Q4 (figure 7.3.5). We have identified three distinct energy 
levels: E2 = 82 ± 15 meV, E, = 104 ± 18 meV and E4 = 142 ± 19 meV. These 
activation energies can be related to the presence of oxygen donors. As discussed 
before (sections 7.2.3 and 7.2.4), thermal donors in SIMOX are deeper (40 - 80 meV 
and 220 meV) than in bulk silicon (20 - 60 meV and 110 - 160 meV), in which case 
the energies found here are closer to the values found for bulk silicon than for 
SIMOX material. This may indicate that the silicon overlayer in this SIMOX 
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material, after the implant and anneal processes, can still behave similarly to a bulk 
silicon material which has undegone high temperature annealing but has not 
experienced ion implantation. 
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Figure 7.3.5 Arrhenius plot for the peak frequency of the Lorentzians 0., Q, and Q, obtained 
at low injection for the single step implant/anneal SIMOX sample. The solid 
lines are weighted least square fits. 
Similar material produced by IBIS Tech. Corp. has also been studied by P6rez 
et a!. by Raman scattering [29-31], photoluminescence (PL) [28-30] and cross-section 
TEM [29,30]. The SIMOX substrates were produced by implanting 1.7 x 101" O" cm-3 
at 200 keV at 640 °C and annealing at 1300 °C for 6 hours. Figure 7.3.6 shows the 
cross-section image obtained from such samples. It shows a top silicon layer free of 
Si02 precipitates. The presence of dislocations in this material has not been detected. 
The Raman and PL lines are shown in figures 7.3.3 and 7.3.4, respectively. They are 
similar to the spectra obtained for the sequential implant/anneal SIMOX material. 
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Figure 7.3.6 Cross-section image of the single step implant/anneal SIMOX sample. The 
arrow indicates the upper surface [29]. 
4. SUMMARY 
This SIMOX material shows a lifetime distribution dominated by multiple 
trapping. We have identified three distinct activation energies: E. = 82 ± 15 meV, E, 
= 104 ± 18 meV and E4 = 142 ± 19 meV, which we relate to the presence of oxygen 
donors. These energies are similar to the ones found in HTA-silicon, thus suggesting 
that the silicon overlayer in this SIMOX material has similar properties as bulk 
silicon which has undegone high temperature annealing but has not experienced ion 
implantation. 
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7.4 - SUMMARY 
We start this section by comparing the results obtained from the samples 
prepared at UOS/BTRL. We aim to evaluate the influence of implant and anneal 
processes on the quality of these SIMOX films. Next we compare the two processes 
of fabrication of commercial SIMOX wafers produced by IBIS Tech. Corp.: single 
step implant/anneal and sequential implant/anneal. We finalize this section by 
comparing the results for the activation energies obtained from all the samples. Table 
7.4.1 summarizes the main results obtained from all samples. 
For samples BSI (as-implanted SIMOX), BSA (HTA bulk silicon) and SIMOX 
(high quality SIMOX) prepared at UOS/BTRL a transition from low to high injection 
conditions for the minority carriers (electrons) occurs as the light intensity is varied 
between 1- 103 AU. As for bulk silicon, high injection levels are achieved over the 
whole of this intensity range. This may indicate that due to the implant and anneal 
processes a high density of donors levels (possible oxygen donors) is introduced, 
which increases the electron density. Thus, in comparison with bulk silicon the 
transition from low (An « no) to high (An » n) injection conditions occurs at higher 
intensities. The density of trapping centres is higher for the BSI, BSA and SIMOX 
samples than for the bulk silicon sample. This is evidenced, for the former samples, 
by carrier kinetics and a lifetime distribution dominated by multiple trapping (which 
characterize a material with a high density of trapping centres) while for bulk silicon 
single trapping prevails. The activation energies found for the unprocessed bulk 
silicon material can be attributed to residual impurities unintentionally introduced 
during wafer growth and processing. The high temperature annealing gives rise to 
deep levels in bulk silicon and in the SIMOX material which are probably associated 
with oxygen donors. 
The PCFRS results obtained from the commercial SIMOX sample produced by 
single step implant/anneal (SS) process seem to indicate that this material has similar 
characteristics as bulk silicon which has undegone high temperature annealing but has 
not experienced ion implantation. In this case we have identified three activation 
energies, which are thought to be due to the formation of oxygen donors, in the same 
range as the ones commonly reported for annealed silicon, which may be an 
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SAMPLE INJECTION CARRIER KINETICS tiR ACTIVATION 
LEVEL (µs) ENERGY 
(meV) 
BS high ST 2 58 t 15 
Tr> tia> TR (T > 150 K) 57 ±5 
T, >; > ti1(T < 150 K) 39 ±2 
BSI low -4 high MT - 
BSA low --ý high MT - 215 ±12 
'r<'tG, 'tR 25±6 
SURREY low -ý high MT - 322 ± 24 
SIMOX Tr< To, Tit 47 ±7 
SS low - high MT - 82 t 15 
SIMOX 'cr< tic, tiR 104 t 18 
142± 19 
SIA low -+ high MT - 66± 7 
SIMOX Tr< Ta" Te 14 t 11 
Table 7.4.1 Summary of the main results obtained from all samples. The injection conditions 
refer to the minority carriers. ST = single trapping, MT - multiple trapping. 
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indication that the quality of the silicon overlayer in the SS sample is comparable to a 
bulk silicon layer which has not undergone ion implantation. The SIMOX material 
produced by a sequential implantlanneal process (SIA), as pointed out by Perez et a!. 
[27], cannot be regarded as a typical sample produced by this process. Indeed, this 
sample shows a broader PCFRS response strongly dependent upon temperature, an 
indication of a lifetime distribution being trap dominated. We have identified two 
activation energies which appear to be associated with the presence of oxygen donors. 
Figure 7.4.1 summarizes the Arrhenius plots obtained from all our samples. To 
facilitate comparison of our data with any that might be obtained in the future from 
other related techniques we finish by discussing the significance of the intercept on 
the vT-2 axis at zero temperature. 
The intercept of the Arrhenius curves with the vertical axis, b5, has a distinct 
significance for single and multiple trapping processes. For single trapping, writing 
Eller (7.4.1) vP =cq, Ti 'q` 
where c, is a parameter that does not depend upon temperature (given by the product 
of the terms of Nc and s that are independent of temperature, see eqns. 6.2.2 and 
6.2.3) we find that 
bs = In clq,. (7.4.2) 
Thus, the capture cross-section of the trapping centres can, in principle, be 
determined. For multiple trapping, writing 
v=c, NR Re E/kr 
(7.4.3) 
71 H 
we have 
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bM = Inc, 
NR9R 
H 
(7.4.4) 
In this case the intercepts are a function of the density and capture cross-section of the 
recombination centres as well as of the density of trapping centres. 
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Figure 7.4.1 Arrhenius curves obtained from all samples: L L, and f, for the unprocessed 
bulk silicon, N, and N, for the HTA bulk silicon, 0, and 0, for the high quality 
Surrey SIMOX, P, and P, for the sequential implantlanneal IBIS SIMOX and 4, 
Q, and Q, for the single step implant/anneal IBIS SIMOX. 
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We point out here that when the dependence of the mobility upon temperature 
is known the evolution of the peak amplitude of the PCFRS response with 
temperature can, in some simple cases, also be used to determine the activation 
energy since, in general, the peak amplitude is proportional to the product µv; '. 
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Chapter 8- Conclusions arul suggestions for future word, 
8.1 - CONCLUSIONS 
We have demonstrated that PCFRS is a powerful technique for measuring the 
lifetime distribution in SIMOX material. The PCFRS measurements performed on 
samples produced at UOSBTRL (unprocessed bulk silicon, high temperature 
annealed (HTA) silicon, as-implanted SIMOX and high quality SIMOX) show that 
the implantation and annealing processes introduced a large density of trapping and 
recombination centres. This was evidenced by a lifetime distribution dominated by a 
multiple trapping process for samples that have been implanted and/or annealed 
while, for the unprocessed bulk silicon, a single trapping process dominated. We 
suggest that these impurity levels are mainly donor centres since, for the samples that 
have undergone implants and/or anneals, a transition from low to high injection levels 
for the minority carriers took place at higher intensities than for the unprocessed bulk 
silicon. This is a strong indication that a compensation process is active, however, we 
are not able to determine precisely the origin of these centres. The similarity in the 
temperature dependence of the PCFRS response obtained from the HTA silicon and 
high quality SIMOX materials suggests that the dominant defects are introduced 
during the post implant high temperature anneal stage. One deep and one shallow 
level were observed in both materials and have been related to the presence of oxygen 
donors. 
It has not been possible to compare the quality of commercial SIMOX material 
produced by IBIS Tech. Corp. by a single step implant/anneal with that prepared 
using a sequence of implants, since, as pointed out by Perez et al. [1] the fabrication 
conditions for the particular substrate prepared by sequential implantation/annealing 
was not optimal and thus the material contained many precipitates. However, when 
we compare SIMOX samples prepared under similar conditions by IBIS and at 
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UOSBTRL, it appears that the IBIS SIMOX is of higher quality. The energy levels 
found for the IBIS material, which we have attributed to the formation of oxygen 
donors, are in the same energy ranges as the levels commonly reported for bulk 
silicon, thus indicating that this SIMOX material has similar characteristics to bulk 
silicon which has undergone high temperature annealing but has not experienced ion 
implantation. 
The analysis presented in chapter 6 to explain the PCFRS signal, although 
being developed for the simplest case of only one trapping centre and one 
recombination centre within the band gap, has been shown to contribute usefully to 
the evaluation of the lifetime distribution in SIMOX as well as bulk silicon material. 
The usual assumption of a constant capture cross-section with temperature has been 
shown to be valid, as evidenced by the good agreement between the theoretical and 
experimental results in most of the cases. 
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8.2 - FUTURE WORK 
In order to evaluate the influence of different post-implant processing 
conditions on the lifetime distribution in SIMOX films, it will be necessary to 
measure additional SIMOX samples prepared with different annealing conditions: 
time, temperature and ambient. Also, the effect of oxygen donors could be analysed 
by performing PCFRS experiments on SIMOX samples after an additional anneal in 
the temperature range in which the oxygen donors are formed (400 - 700 °C). 
The particular fitting procedure used to analyse the variable temperature 
PCFRS results is not the best approach. A better analysis of the PCFRS data can be 
obtained by deconvolution of the PCFRS spectra. A preliminary program, which is 
based on a Fast Fourier Transform (FFI) technique [2], has been developed already. 
Future comprehensive PCFRS investigations of the lifetime distribution should 
include measurements performed at different temperatures and, at each temperature, a 
set of PCFRS experiments at different intensities should be carried out also. A more 
detailed analysis of the PCFRS results obtained at different excitation intensities, 
which involves deconvolution of all spectra, is also desirable in order to provide a 
more reliable analysis of the data. 
A more complete interpretation of the lifetime distribution can be achieved if 
additional information about the SIMOX material is available. This will call for some 
additional experiments, such as Hall measurements, to determine the majority carrier 
concentration as well as the dependence of the mobility upon temperature. The 
knowledge of these parameters can facilitate the analysis of the amplitude of the 
PCFRS signal, so that additional informations on trap parameters such as density and 
capture cross-section can, in principle, be obtained and would facilitate direct 
comparison of the PCFRS results with those that might be obtained from other 
techniques such as DLTS. 
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5lppendi A- Evaluation of w, and co, 
In this appendix we calculate the frequencies w, and cot which define the 
intervals for which the function £ is approximately constant (figure 6.2.2). The 
frequency dependent term of a (eqn. 6.2.16. c) can be written as 
_ 
aui2+b ý0 
cw°+d&+e' 
where 
AT 
a=, tT 
b_A 
tT 
c= TG, 
d= AtG-Býý+1 (A. 1. e) 
and 
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e= 
A 
-B. Tc 
(A. 1. f) 
A and B are given by eqns. 6.2.10 and 6.2.11, respectively. The maximum of 0 
occurs at w=0 and is given by 
a __ 
b 
M e' 
(A. 2) 
We look here for the frequencies m, and w2 for which Q. drops to (1 - e)52. and eQ,,, 
respectively, where cK1. 
To determine cot we write 
aof+b 
=b 
(A. 3) 
e cw` +dotu e£ 
Equation A. 3 can be rewritten as 
ebcz2+(ebd-ea)x+(e-1)be =0 (A. 4) 
with x=0 and whose solution is 
- (c bd - ea) t (c bd - ea)2 - 4e (e -1)b2ce (A. 5) xt ?. e be 
Taking from eqn. A. 1 the expressions for a, b, c, d and e we find 
Ebd -ea =A 
Ta (c-1)+E 
(A. 6. a) 
TT T 
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e(F- -1)b2ce = A2 
TG r. 
E(E-1), 
(A. 6. b) 
A2 j, +i. (A. 6. c) (Ebd-ea)2-4ý(c-1)b2ce = 
tir - TT 
(E-1)-E 
ý 
2G 
(A. 6. d) 
Ebc = 2EA tT 
so that 
z+ __Z<0 
(A. 7. a) 
tic 
and 
x=I 
'Gi' + tG -F, (A. 7. b) 
T2e 
Then 
(A. 8) 
wj = 
tc tT E. 
For determining w,, we write (1 - c) instead of e in eqn. A. 3 and find 
_1+ 
tiý e (A. 9) 
ý' 
TG 
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i1ppenctiX B- justification for the steady-state photocurrent 
measurements 
In this appendix we show that the evolution of the steady-state photocurrent 
with light intensity can be evaluated by performing in-phase PCFRS measurements at 
different excitation intensities at a fixed frequency using a fully modulated light. 
Under stationary conditions, for a fully modulated generation rate g= go (I + 
sin(ot), when the kinetics are first order the photocurrent, from eqns. 3.1.8,7.1.5 and 
7.1.6 can be written as 
PC = Ceµ1(1 +b)go'rR. (s. l) 
From eqn. 3.3.36, the in-phase PCFRS response under these same conditions 
becomes 
CR (B. 2) 
Vo0 = 2eµ, (l+b)go 
ti 
1+ djR2 
At low frequencies such that wbt2 K 1, which corresponds to the low frequency range 
in which this signal is approximately constant (see figure 3.2.2) eqn. B. 2 reduces to 
V0 =2 eµ, (1 +b)gocR. 
(B. 3) 
Comparison of eqns. B. 1 and B. 3 shows that the in-phase PCFRS signal 
obtained at low frequencies with a fully modulated light falling on the sample is 
direct proportional to the steady-state photocurrent. Thus a curve photocurrent against 
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light intensity can be generated by performing an in-phase PCFRS experiment at a 
fixed low frequency at different excitation intensities. 
We point out here that, although eqns. B. 2 and B. 3 have been deduced for the 
specific case in which the amplitude modulation of the excitation is very much less 
than its DC component, experiments carried out for amplitude modulation varying in 
the range 10 to 100% of the DC component did not alter the lifetime distribution. The 
only change observed was in the amplitude of the signal, which varied directly 
proportional to the amplitude modulation. 
186 
94ferences 
CHAPTER 1 
[1] -PLF Hemment, Mat. Res. Soc. Symp. Proc., 53,207-221,1986. 
[21 -MA Guerra, The status of SIMOX technology. In: DN Schmidt, ed., 
Proceedings of the Fourth International Sympposium on Silicon-on-Insulator 
Technology and Devices. Pennington: The Electrochemical Society, INC, 
1990 (21-47). 
[31 -MT Duffy, GW Cullen, A Ipri, L Jastrzebsbki and W Shedd, SIMOX 
characterization: progress and needs. In: DN Schmidt, ed., Proceedings of 
the Fourth International Sympposium on Silicon-on-Insulator Technology 
and Devices. Pennington: The Electrochemical Society, INC, 1990 
(288-298). 
[4] -SP Depinna and DJ Dunstan, Philos. Mag. B, 50(5), 579-597,1984. 
[5] -DJ Dunstan, SP Depinna and BC Cavenett, J. Phys. C, 30, L425-429,1982. 
[6] -C Tsang and RA Street, Phys. Rev. B, 19(6), 3027-3040,1979. 
[7] -KP Homewood, PG Wade and DJ Dunstan, J. Phys. E, 21,84-85,1988. 
[8] -ML Smith, Electromagnetically Enriched Isotopes and Mass Spectrometry. 
London: Butterworths, 1956. 
187 
CHAPTER 2 
[I]-ML Smith, Electromagnetically Enriched Isotopes and Mass Spectrometry. 
London: Butterworths, 1956. 
[2] -M Watanabe and A Tooi, Jpn. J. Appl. Phys., 5,737-738,1966. 
[3] -PV Pavlov and 
EV Shitova, Sov. Phys. - Dokl., 12(1), 11-13,1967. 
[4] -M Balarin, G Otto, I Storbeck, M Schenk and H Wagner, Thin Solid Films, 
4,255-263,1969. 
[5] -JH Freeman, GA Gard, DJ Mazey, JH Stephen and FB Whiting, 
European Conference on Ion Implantation, Reading. Stevenage: Peter 
Peregrinus, 1970 (74-80). 
[6] -SS Gill, PhD thesis, University of Surrey, Rutherford backscattering 
analysis of silicon oxides formed by ion implantation, 1980. 
[7] -J Dylewski and MC Joshi, Thin Solid Films, 35,327-336,1976. 
[8] -J Dylewski and MC Joshi, Thin Solid Films, 37,241-248,1976 
[9] -J Dylewski and MC Joshi, Thin Solid Films, 42,227-235,1976. 
[10] -MH Badawi and KV Anand, J. Phys. D, 10,1931-1942,1977. 
[11] -K Izumi, M Doken and H Ariyoshi, Electron. Lett., 14(18), 593-594,1978. 
[121- HW Lam and RF Pinizzotto, J. Crystal Growth, 63,554-558,1983. 
[131- PLF Hemment, E Maydell-Ondruesz, KG Stephens, JA Kilner and J 
Butcher, Vacuum, 34,203-208,1984. 
[141- J Stoemenos, C Jaussad, M Bruel and J Margail, J. Cryst. Growth, 73, 
546-550,1985. 
[151- JR Davis, KJ Reeson, PLF Hemment and CD Marsh, IEEE Electron 
Devices Lett., 8(7), 291-293,1987. 
188 
[16) -J Margail, J Stoemenos, C Jaussaud and M Bruel, Proceedings of the 
European SOI Workshop, 1988. 
[17] -MA Guerra, The status of SIMOX technology. In: DN Schmidt, ed., 
Proceedings of the Fourth International Sympposium on Silicon-on-Insulator 
Technology and Devices. Pennington: The Electrochemical Society, INC, 
1990 (21-47). 
[181 -S Nakashima and K Izumi, Nucl. Instrum. & Methods Phys. Res., B55, 
847-851,1991. 
[ 19] -MA Guerra, Solid State Technol., November, 75-78,1990. 
[20] -PK Vasudev, Solid State Technol., November, -59,1990. 
[21] -DE Ioannou, S Cristoloveanu, CN Potamianos, X Zhong, PK McLarty and 
HL Hughes, IEEE Trans. Electron Devices, 38(3), 463-468,1991. 
[22] -T Elewa, B Boubaker, HS Haddara, A Chovet and S Cristoloveanu, IEEE 
Trans. Electron Devices, 38(2), 323-327,1991. 
[23] -PK Vasudev, Solid State Technol., November, 61-65,1990. 
[24] -CED Chen, Vacuum, 42,383-386,1991. 
[25] -J Belz, G Burbach, H Vogt and G Zimmer, Vacuum, 42,387-388,1991. 
[26] -K Izumi, Vacuum, 42,333-340,1991. 
[27] -J Wyncoll, KN Kang, S Cristoloveanu, P LF Hemment and RP Arrowsmith, 
Electron. Lett., 20(12), 485-486,1984. 
[28] -S Cristoloveanu, J Wyncoll, P Spinelli, PLF Hemment and RP 
Arrowsmith, Physica, 129B, 249-254,1985. 
[29] -S Cristoloveanu, J Pumfrey, E Scheid, PLF Hemment and RP Arrowsmith, 
Electron. Lett., 21(18), 802-804,1985. 
[30] -S Cristoloveanu, JH Lee, J Pumfrey, JR Davis, RP Arrowsmith and PLF 
Hemment, J. Appl. Phys., 60,3199-3203,1986. 
[31] -S Cristoloveanu, S Gardner, C Jaussaud, J Margail, AJ Auberton-Herv6 and 
M Bruel, J. Appl. Phys., 62,2793-2798,1987. 
189 
[32] -S Cristoloveanu, Electrical properties of SIMOX material. In: RAB Devine, 
ed., The Physics and Technology of Amorphous SiO 2. New York: Plenum 
Press, 1988 (517-530). 
[33] -F Vettese, J Sicart, JL Robert, S Cristoloveanu and M Bruel, J. App!. Phys., 
65,1208-1212,1989. 
[34] -G Papaioannou, S Cristoloveanu, and PLF Hemment, J. Appl. Phys., 63, 
4575-4579,1988. 
[35] -A Buczkowski, ZJ Radzimski and GA Rozgonyi, Conductivity type 
conversion in multiple-implant/multiple anneal SOI. In: DN Schmidt, ed., 
Proceedings of the Fourth International Sympposium on Silicon-on-Insulator 
Technology and Devices. Pennington: The Electrochemical Society, INC, 
1990 (351-357). 
[36] -A Buczkowski, ZJ Radzimski and GA Rozgonyi, IEEE Trans. Electron 
Devices, 38(1), 61-66,1991. 
[37] -PK McLarty, JW Cole, KF Galloway and DE Ioannou, Appl. Phys. Lett., 
51(14), 1078-1079,1987. 
[38] -PK McL, arty, DE Ioannou and HL Hughes, Appl. Phys. Lett., 53(10), 
871-873,1988. 
[39] -PK McLarty, DE Ioannou and JP Colinge, IEEE Electron Devices Lett., 
9(10), 545-547,1988. 
[40] -T Elewa, H Haddara and S Cristoloveanu, Interface properties and 
recombination mechanisms in SIMOX structures. In: RAB Devine, ed., The 
Physics and Technology of Amorphous SiO2. New York: Plenum Press, 1988 
(553-559). 
[411- S Cristoloveanu, Advanced silicon on insulator materials: processing, 
characterization and devices. In: G Harbeke and MJ Schulz, eds., 
Semiconductor Silicon - Material, Science and Technology: Proceedings of 
the Summer School, Erice, 1988. Berlin: Springer-Verlag, 1989 (223-249). 
[42] -DE Ioannou, S Cristoloveanu, M Mukherjee and B Mazhari, IEEE Electron 
Device Lett., 11(9), 409-411,1990. 
190 
[431 -HS Chen and SS Li, A rapid assessment technique for film and buried oxide 
interface properties of SIMOX substrates. In: DN Schmidt, ed., Proceedings 
of the Fourth International Sympposiwn on Silicon-on-Insulator Technology 
and Devices. Pennington: The Electrochemical Society, INC, 1990 
(328-333). 
[44] -J Fassbender and H Lehmann, Ann. Phys., 6(6), 215-, 1949. 
[45] -BH Schultz, Philips Res. Rep., 10,337-348,1955. 
[46] -LJ van der Pauw, Philips Res. Rep., 12,364-376,1957. 
[47] -AR Engler and CJ Kevane, Rev. Sci. Instrum., 28,548-551,1957. 
[48] -E Harnik, A Many, NB Grover, Rev. Sci. Instrum., 29,889-891,1958. 
[49] -D Navon, R Bray and HY Fan, Proc. Inst. Radio Engrs., 40,1342-1347, 
1952. 
[50] -HL Armstrong, Rev. Sci. Instrum., 28,202,1957. 
[511 -FK Dolezalek, Experimental Techniques. In: J Mort and DM Pai, eds., 
Photoconductivity and Related Phenomena. Amsterdam: Elsevier, 1976 
(27-69). 
[52] -G Cheroff, J Heer and S Triebwasser, J. Phys. & Chem. Solids, 22,51-55, 
1961. 
[53] -W Stössel and W Zimmermann, Phys. Status Solidi, 30,311-318,1968 and 
references therein. 
[54] -DJ Dunstan, SP Depinna and BC Cavenett, J. Phys. C, 30, L425-429,1982. 
[55] -SP Depinna and DJ Dunstan, Philos. Mag. B, 50(5), 579-597,1984. 
[56] -D Wagner, P Irsigler and DJ Dunstan, J. Phys. C: Solid State phys., 17, 
6793-6799,1984. 
[57] -KP Homewood, PG Wade and DJ Dunstan, J. Phys. E, 21,84-85,1988. 
[58] -M Hopkinson, PhD thesis, University of 
Sheffield, Photoluminescence in 
hidrogenated amorphous silicon based materials and heterostructures, 1989. 
191 
[59) -KP Homewood, KJ Reeson, MA Lourenco, PLF Hemment and JR Davis, 
Nucl. Instrum. & Methods Phys. Res., B39,207-209,1989 
[60] -MA Lourenco, KP Homewood and PLF Hemment, Mat. Res. Soc. Symp. 
Proc., 157,167-172,1990. 
[611 -MA Lourenco and KP Homewood, J. Appl. Phys., 1991. To be published. 
[62) -F Coromina, A Perez, JR Morante, MA Lourenco, KP Homewood and PL 
F Hemment, Solid State Phenom., 1991. To be published. 
192 
CHAPTER 3 
[1] -SM Sze, Physics of Semiconductor Devices, 
2nd ed.. New York: Wiley, 
1981. 
[2] -RA Smith, Semiconductors, 2nd ed.. Cambridge: Cambridge University 
Press, 1978. 
[3] -M Lax, J. Phys. & Chem. Solids, 8,66,1959. 
[4] -IV Karpova and SG Kalashnikov, Proceedings of the Fifth International 
Conference on Physics of Semiconductors, 1962. 
[5] -W Shockley and WT Read, 
Phys. Rev., 87,835-842,1952. 
[6] -RN Hall, Phys. Rev., 87,387,1952. 
[7] -W van Roosbroeck and W Shockley, Phys. Rev., 94,1558-1560,1954. 
[8] -E Yablonovitch, DL Allara, 
CC Chang, T Gmitter and TB Bright, Phys. 
Rev. Lett., 57,249-252,1986. 
[9] -DH Navon, Semiconductor Microdevices and Materials. Tokyo: CBS 
Publishing Japan Ltd., 1986. 
[10) -SP Depinna and DJ 
Dunstan, Philos. Mag. B, 50(5), 579-597,1984. 
193 
CHAPTER 4 
[ 1) -RP Benyon, PhD thesis, University of Surrey, Deep levels in III -V 
semiconductors and quantum wells at high pressure, 1988. 
194 
CHAPTER 6 
[1) -JS Blakemore, Semiconductor Statistics. New York: Dover Publications, 
1987 
195 
CHAPTER 7 
[1] -SM Sze, Physics of Semiconductor Devices, 2nd ed.. New York: Wiley, 
1981. 
[2] -RA Smith, Semiconductors, 2nd ed.. Cambridge: Cambridge University 
Press, 1978. 
[3] -M Willander and V Grivickas, Lifetime of photogenerated carriers in 
undoped silicon. In: EMIS Datareviews Series No. 4, Properties of Silicon. 
London: INSPEC, The Institution of Electrical Engineering, 1988 (195-197). 
[4] -JG Fossum and DS Lee, Solid State Electron., 25,741-747,1982. 
[5] -DK Schroder, Solid State Phenom., 6&7,383-394,1989. 
[6] -L Passari and E Suzi, J. Appl. Phys., 54,3935-3937,1983. 
[7] -0 Garreta and J Gmsvalet, Progress in Semiconductors, 1,166-194,1956. 
[8] -KP Homewood, PG Wade and DJ Dunstan, J. Phys. E, 21,84-85,1988. 
[9] -0 Madelung, ed., Semiconductors - Group IV Elements and 111-V 
Compounds - Data in Science and Technology. Berlin: Springer-Verlag, 
1991. 
[10] -PK Vasudev, Solid State Technol., November, -59,1990. 
[11] -C Jaussaud, J Stoemenos, J Margail, AM Papon and M Bruel, Vacuum, 42, 
341-347,1991. 
[12] -SJ Krause, CO Jung and TS Ravi, Vacuum, 42,349-352,1991. 
[ 131 -J Vanhellemont, HE Maes and A De Veirman, 
Vacuum, 42,359-365,1991. 
[141- S Cristoloveanu, Vacuum, 42,371-378,1991. 
[ 151 -RC Newman, Vacuum, 
42,379-382,1991. 
[16] -T Gregorkiewicz and HHP Th 
Bekman, Mater. Sci. & Eng., B4,291-297, 
1989. 
196 
[ 17] -Y Kamiura, F Hashimoto and M Yoneta, J. App!. Phys., 65,600-605,1989. 
[ 18] -P Gaworzewski and K Schmalz, Phys. Status Solidi A, 55,699-707,1979. 
[19] -Y Kamiura, F Hashimoto and M Yoneta, J. App!. Phys., 66,3926-3929, 
1989. 
[20] -K Hölzlein, G Pensi, M Schulz and NM Johnson, Appl. Phys. Lett., 48, 
916-918,1986. 
[211 -K Hölzlein, G Pensi and M Schulz, App!. Phys. A, 34,155-161,1984. 
[22) -S Cristoloveanu, J Pumfrey, E Scheid, PLF Hemment and RP Arrowsmith, 
Electron. Lett., 21(18), 802-804,1985. 
[23] -N Fukuoka, Jpn. J. Appl. Phys., 24(11), 1450-1453,1985. 
[24] -F Vettese, J Sicart, JL Robert, S Cristoloveanu and M Bruel, J. Appl. Phys., 
65,1208-1212,1989. 
[25) -S Cristoloveanu, S Gardner, C Jaussaud, J Margail, AJ Auberton-Hervd and 
M Bruel, J. App!. Phys., 62,2793-2798,1987. 
[26] -J Sicart, F Vettese, JL Robert and S Cristoloveanu, Mater. Sci. & Eng., B4, 
163-167,1989. 
[27) -G Papaioannou, V Ioannou-Sougleridis, S Cristoloveanu, M Bruel and PLF 
Hemment, Mater. Sci. Forum, 38-41,1463-1468,1989. 
[28] -A Perez, J Samitier, A Comet, JR Morante, PLF Hemment and KP 
Homewood, Appl. Phys. Lett., 57(23), 2443-2445,1990. 
[29] -A Perez, J Portillo, A Comet, J Jimenez, JR Morante, PLF Hemment and K 
P Homewood, Nucl. Instrnun. & Methods Phys. Res., B55,714-717,1991. 
[30] -A Perez, A Comet, J Jimenez, JR Morante, PLF Hemment and KP 
Homewood, submitted to J. Appl. Phys., 1990. 
[31) -A Perez, F Coromina, JR Morante, J Jimenez, 
PLF Hemment and KP 
Homewood, submitted to INFOS'91. 
[32] -A Buczkowski, ZJ Radzimski and 
GA Rozgonyi, IEEE Trans. Electron 
Devices, 38(1), 61-66,1991. 
197 
[331 -A Buczkowski, ZJ Radzimski and 
GA Rozgonyi, Conductivity type 
conversion in multiple-implant/multiple anneal SOI. In: DN Schmidt, ed., 
Proceedings of the Fourth International Sympposium on Silicon-on-Insulator 
Technology and Devices. Pennington: The Electrochemical Society, INC, 
1990 (351-357). 
198 
CHAPTER 8 
(1] -A Perez, J Portillo, A Comet, J Jimenez, JR Morante, PLF Hemment and K 
P Homewood, Nucl. Instru, n. & Methods Phys. Res., B55,714-717,1991. 
[2] -E0 Brigham, The Fast Fourier Transform and its Applications. Exeter: 
Prentice-Hall, 1988. 
199 
UNIVERSITY OF SURREY LIBRARY 
